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ABSTRACT 


Changes  in  the  chemical  composition,  crystalline  content  and 
structure,  flow  properties  and  molecular  weight  distribution  in  poly- 
tetrafluoroethylene  (PTFE)  after  exposure  to  ionizing  radiation  are 
described.  The  radiation  used  in  this  work  was  0.8  MeV  electrons. 

The  effects  of  post-irradiation  annealing  on  the  chemical  composition 
crystalline  content  are  also  analyzed.  Radiation- induced  changes 
in  the  chemical  composition  and  the  role  of  oxygen  and  water  vapor  in 
these  changes  was  determined  by  infrared  spectroscopy  of  PTFE  irrad¬ 
iated  in  ambient  air,  wet  and  dry  oxygen  atmosphere  and  under  vacuum. 

It  was  found  that  when  the  irradiations  are  carried  out  in  the  presence 
of  oxygen,  acid  fluoride  endgroups  are  formed  and  that,  upon  exposure 
to  water  vapor,  these  endgroups  undergo  hydrolysis  to  form  carboxylic 
acid  endgroups.  Infrared  absorption  bands  at  1730  and  1715  cm  , 
which  appear  most  strongly  when  PTFE  is  irradiated  in  a  vacuum,  have 
been  attributed  to  branch  and  crosslink  formation.  A  set  of  reactions 
which  rationalize  the  observed  chemical  changes  are  given.  It  was 
found  that  the  crystalline  content  of  PTFE  increases  after  e:cposure  to 
ionizing  radiation.  Changes  in  the  crystalline  content  were  monitored 
using  infrared  spectroscopy,  density  measurements,  x-ray  diffraction 
measurements  on  unoriented  samples,  and  differential  scanning  calorim¬ 
etry  (DSC).  A  linear  relation  between  density  and  the  infrared 
absorbance  at  775  cm”^  for  irradiated  PTFE  was  found.  X-ray  diffrac¬ 
tion  and  DSC  measurements  show  that  cry'stals  formed  after  exposure  to 
ionizing  radiation  are  less  perfect  and  different  in  nature  from  melt 
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crystallized  FIFE.  Changes  in  the  melt  viscosity  of  FIFE  exposed  to 
various  radiation  doses  in  air  were  measured  using  a  capillary  rheo-> 
meter.  It  was  found  that  the  melt  viscosity  decreases  dramatically 
after  exposure  to  1.5  MRads  but  between  2.5  and  5  >IRads  there  is  an 
increase  in  viscosity  which  is  attributed  to  the  formation  of  branches 
and  crosslinks.  Above  5  MRads  the  melt  viscosity  decreases  with  dose. 
Plots  of  log  apparent  melt  viscosity  vs.  log  apparent  shear  rate  are 
given  for  FIFE  exposed  to  various  radiation  doses.  The  data  in  each 
of  these  plots  can  be  fit  by  a  straight  line  (power  law)  and  changes 
in  the  slopes  of  these  lines  are  interpreted  to  indicate  changes  in 
the  molecular  weight  distribution.  It  is  postulated  that  the  observed 
decrease  in  the  slopes  of  these  lines  after  irradiation  is  caused  by 
a  narrowing  of  the  molecular  weight  distribution  because  of  a  decrease 
in  the  number  of  molecules  at  the  high  molecular  weight  end  of  the 
distribution.  It  was  found  that  the  melt  viscosity  of  a  FIFE  sample 
irradiated  to  a  given  dose  was  less  for  a  sample  of  low  pre-irradiation 
crystallinity  than  for  an  otherwise  identical  sample  of  higher  crystal¬ 
linity.  Also,  the  number  of  acid  fluoride  endgroups  formed  after 
irradiation  is  increased  by  lowering  the  pre-irradiation  crystallinity 
of  the  sample.  This  crystallinity-dependence  of  viscosity  and  endgroup 
formation  is  related  to  differences  in  oxygen  diffusion  properties  of 
crystalline  and  amorphous  PTFE. 
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Introduction 


The  use  of  electron  beam  (EB)  radiation  in  industrial 
processes  is  a  rapidly  expanding  field.  Electron  beam  radiation 
provides  an  efficient  alternative  to  heat  and/or  chemical  means  to 
modify  chemical  and  physical  properties  of  various  polymers. 

It  is  presently  used  to  improve  the  properties  of  existing  products 
and  in  some  cases  has  provided  the  basis  for  entirely  new  products. 

A  prime  example  of  a  new  product  which  can  be  produced  economically 
only  through  the  use  of  EB  radiation  is  the  production  of  very  fine, 
powdered  polytetraf luoroethylene  (PTFE)  from  previously  sintered 
material.  The  common  trade  name  for  DuPont's  PTFE  polymer  is  Teflon 
Other  important  radiation  processes  currently  in  industrial  use  are 
the  following: 

a)  crosslinking  of  plastics  especially  for  wire  and  cable 
insulation; 

b)  curing  of  rubber  for  use  in  tires,  sheets,  and  hoses; 

c)  sterilization  of  medical  disposable  products,  e.g. 
sutures,  syringes,  bandages; 

d)  preparation  of  composites  based  on  plastic  and  wood. 

e)  polymer  grafting  to  produce  conducting  paths  of  high 
spatial  resolution  (<0.2ym)  for  use  in  very  large 
scale  intergrated  (VLSI)  circuits. 

The  growth  in  the  use  of  EB  radiation  in  industrial 
processes  is  largely  because  it  is  less  expensive  than  conventional 
means  of  carrying  out  specific  processes  such  as  curing  rubber, 
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modifying  the  properties  of  plastics,  and  sterilizing  medical  dis¬ 
posable  products.  The  cost  breakthrough  has  been  achieved  via  the 
development  of  high  power,  dependable,  electron  beam  accelerators. 
Previously,  the  chief  source  of  ionizing  radiation  for  the  processing 
of  various  polymers  was  Co^^  gamma  rays.  The  gamma  rays  produced  by 
a  Co®°  source  are  highly  penetrating,  so  that  large  objects  may  be 
exposed  to  the  gamma  rays  and  have  about  the  same  energy  deposited 
per  unit  mass  at  every  point  in  the  object  (i.e.  the  dose  distribution 
will  be  fairly  uniform) .  The  problem  with  a  Co  source  is  the  low 
p^re  of  energy  deposition  per  unit  mass  of  material  being  irradiated 
(low  does  rate) .  In  a  typical  Co^^  source  having  total  gamma  ray  power 
output  of  approximately  15  watts,  doses  on  the  order -of  10  megarads 
(MRads)*  can  be  accumulated  in  the  course  of  one  day's  irradiation. (1) 
With  the  electron  beam  accelerators  presently  available,  dose  rates 
on  the  order  of  1  MRad  per  second  are  easily  attainable.  The  problem 
with  electrons  is  that  their  penetrating  power  is  much  less  than  that 
of  gamma  rays.  To  overcome  this  problem  the  electrons  are  accelerated 
through  very  high  voltages  (usually  between  0.5  to  10  MeV)  so  that 
their  range  in  the  material  being  irradiated  is  increased.  Thus  the 
high  dose  rate  coupled  with  the  sufficient  penetration  range  of  the 
energetic  electrons  enables  the  product  throughput  rate  to  be  increased 
dramatically  over  that  of  Co^°  sources  thereby  reducing  the  treatment 
costs  per  unit  of  product.  Electron  beam  accelerators  with  power 
outputs  up  to  150KW  are  at  present  commercially  available.  The  rising 
cost  of  therxaal  energy  favors  the  use  of  EB  processing  because  the 
total  energy  demand  for  radiation  treatment  is  less  than  that  consumed 

*A  dose  of  1  Rad  is  equivalent  to  100  ergs  of  energy  deposited  per 
gram  of  material  being  irradiated. 
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in  thermal  treatment. (2) 

•  Examples  of  the  efficiency  of  EB  processing  of  polymers  can 
be  found  in  the  vulcanization  of  rubber  and  butyl  which,  by  conven¬ 
tional  techniques,  requires  about  100  times  the  energy  of  the  equiva¬ 
lent  radiation  process:  Electron  beam  radiation  curing  of  acrylic 
coatings  on  plastic  or  wood  backings  requires  about  1%  of  the  energy 
consumed  in  the  equivalent  thermal  process.  Also  the  radiation 
sterilization  of  medical  disposable  products,  a  process  which  has 
already  achieved  widespread  industrial  use,  is  much  cheaper  and  avoids 
the  mutagenic  and  industrial  safety  problem  associated  with  the  con¬ 
ventional  ethylene  oxide  sterilization  procedure. (3) 

The  motivation  for  the  research  reported  herein  came  from 
work  done  here  at  KPI  and  also  at  Radiation  Dynamics,  Inc.  (Mellville, 
New  York)  on  a  process  for  degrading  previously  sintered  PTFE  using 
EB  radiation  so  that  it  can  be  ground  into  a  fine  powder  (<10um  particle 
size).  Electron  beam  radiation  had  to  be  used  to  degrade  the  PTFE 
because  of  the  extremely  high  resistance  of  PTFE  to  thermal  or  chemical 
degradation.  Even  at  elevated  temperatures  for  long  periods  of  time 
fuming  sulfuric  acid  and  nitric  acids,  aqua  regia,  hydrofluoric  acid, 
strongly  alkaline  solutions,  and  hydrogen  peroxide  have  no  effect  on 
the  polymer.  Although  over  several  hundred  solvents  have  been  tested, 
none  have  been  found  to  dissolve  or  even  swell  PTFE  below  300  C. 
Polytetrafluoroethylene  also  has  extreme  thermal  stability  and  can  be 
used  continuously  at  260°  C  with  no  measurable  degradation.  Despite  its 
chemical  and  thermal  stability,  PTFE  degrades  readily  when  exposed  to 
ionizing  radiation  as  manifested  by  a  dramatic  decrease  in  melt 
viscosity,  losses  in  tensile  strength,  a  large  reduction  in  the  zero 
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strength  time  Q8),and  reduction  of  the  ultimate  elongation.  (45) 

The  sample  material  used  in  this  work  was  unsintered  DuPont 
PTFE  resins  6,  6C  and  7A.  Also  sintered,  0.005"  thick  PTFE  sheet 
obtained  from  the  American  Durafilm  Company  was  analyzed.  This  film 
was  also  made  from  DuPont  PTFE  material. 

The  purpose  of  this  dissertation  is  to  investigate  the 
changes  in  chemical  structure,  crystalline  structure,  and  in  the  flow 
properties  of  PTFE  induced  by  ionizing  radiation.  The  goal  was  to 
construct  a  model,  utilizing  a  wide  range  of  measurement  techniques, 
that  explains  the  observed  property  changes  in  PTFE  after  exposure 
CO  various  doses  of  ionizing  radiation  and  under  different  ambient 
conditions  of  0^,  water  vapor  et  cetera. 

The  ionizing  radiations  used  throughout  this  work  consisted 
of  0.8  MeV  electrons.  To  investigate  the  effect  of  oxygen  and  water 
vapor  on  the  property  changes  of  PTFE  induced  by  radiation,  irradia¬ 
tions  are  carried  out  in  ambient  air,  in  a  dry  oxygen  atmosphere,  in 
a  wet  oxygen  atmosphere,  and  under  a  partial  vacuum.  Also,  the 
pre-irradiation  crystalline  content  is  varied  to  sac  the  effect  of 
this  parameter  on  the  final  post-irradiation  properties.  The  tech¬ 
niques  employed  to  monitor  the  radiation  effects  are  infrared 
spectroscopy,  density  measurements,  x-ray  dirfraction  measurement, 
inelt  viscosity  determinations,  and  differential  scanning  calorimetry. 

The  infrared  spectroscopy  measurement  will  yield  information 
on  the  radiation  Induced  chemical  changes  in  PTFE  and  also  information 
on  the  crystalline  content.  Density  measurements  provide  an  easy  way 
to  get  quantitative  estimates  on  radiation  induced  changes  in  the 
crystalline  content  of  a  polymer  sample  since,  for  a  given  polymer, 
the  density  in  the  crystalline  form  is  greater  than  in  the  amorphous 
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form.  Also  x-ray  diffraction  measurements  and  heat  of  fusion  deter¬ 
minations  using  differential  scanning  calorimetry  will  yield  infor¬ 
mation  on  relative  changes  in  crystalline  content  brought  about  by 
exposure  to  ionizing  radiation.  The  well  ordered  crystalline  phase 
of  PTFE  gives  a  sharp  x-ray  diffraction  peak.  Changes  in  the  full 
width  at  half  maximum  of  this  peak  is  indicative  of  changes  in 
crystalline  perfection.  Because  radiation  created  defects  in  crystalline 
material  yielding  less  perfect  crystals,  one  would  expect  the  full 
width  at  half  maximum  of  the  crystalline  diffraction  peak  to  increase. 
Coupled  with  the  increase  in  full  width  at  half  maximum  the  appearance 
of  low  temperature  melting  peaks  in  the  differencial  scanning  calorim¬ 
etry  scan  of  the  irradiated  sample  due  to  the  melting  of  the  less 
perfect  crystals  is  to  be  expected.  Melt  viscosity  gives  a  relative 
indication  of  radiation  induced  changes  in  molecular  weight.  Since 
radiation  causes  chain  scission  in  PTFE,  resulting  in  a  lower  average 
molecular  weight,  the  melt  viscosity  should  decrease  upon  irradiation. 


Part  II 


Description  of  PTFE  Systems 

II. 1  Molecular  and  Chain  Structure  of  PTFE 

Polytetraf luoroechylene  is  a  linear  polymer  consisting  of 
the  repeat  group  -  (CF^-CF^-) •  A  single  polymer  molecule  may  have 
on  the  order  of  tens  to  several  hundreds  of  thousands  of  these  repeat 
units  connected  together  in  a  linear  fashion.  The  polymerization  of 
the  tetraf luoroethylene  monomer  (CF^^CF^)  proceeds  via  free  radical 
addition  polymerization  with  respect  to  the  initiation  and  propaga¬ 
tion  steps.  Termination  by  the  combination  of  free  radicals  on  the 
ends  of  two  growing  polymer  chains  seems  to  be  the  most  favorable 
mechanism  for  the  termination  step. (5)  The  end  groups  on  each  PTFE 
molecule  probably  consist  of  two  sulfonic  or  two  carboxyl  groups 
depending  on  the  type  of  initiator  used. (6) 

sulfonic  end  groups 

carboxyl  end  groups. 

Polytetraf luoroethylene  is  a  linear,  unbranched,  non- 
crosslinked  polymer  because  of  its  sharp  melting  point,  its  high 
degree  of  crystallinity  as  polymerized,  and  its  ability  to  be  oriented 
As  polymerized,  unmelted  PTFE  has  a  crystallinity  in  the  range  between 
93%  and  98%.  To  achieve  such  a  high  degree  of  crystallinity  the 
molecules  must  be  able  to  pack  very  tightly  together.  This  strongly 
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suggested  the  absence  of  any  branching  which  would  tend  to  inhibit 
tight  packing.  Chain  branching  is  considered  unlikely  because  this 
would  involve  the  rupture  of  the  strong  carbon- fluorine  bond,  which 
is  reported  to  have  a  bond  strength  of  about  110  kcal/mol. (5) 

II. 2.  Crystal  Structure  of  PTFE 

As  with  many  solid  polymers,  PTFE  exhibits  macroscopic 
properties  which  are  intermediate  between  those  expected  of  the 
perfectly  crystalline  and  completely  amorphous  polymer.  Tradition¬ 
ally,  these  Intermediate  properties  are  explained  on  the  basis  that 
polymers  are  a  mixture  of  crystalline  and  amorphous  regions,  the 
fraction  of  material  in  the  crystalline  phase  being  called  the  "degree 
of  crystallinity"  or  merely  the  crystallinity.  It  is  possible  to 
define  either  a  weight  fraction  or  volume  fraction  crystallinity. 

This  crystal-amorphous  or  two-phase  model  is  only  a  useful  approxima¬ 
tion  to  describe  the  actual  polymer  crystal  structure.  In  reality 
there  is  no  sharp  division  between  the  crystalline  and  amorphous 
phase  but  rather  there  exists  a  continuous  spectrum  of  "degrees  of 
order"  between  the  perfectly  crystalline  and  completely  amorphous 
phases.  No  single,  experimentally-determined  parameter  is  sufficient 
to  completely  describe  the  crystallinity  of  a  polymer.  In  the  case 
of  PTFE  however,  the  amount  of  material  in  the  transition  region 
between  the  crystalline  and  amorphous  phases  is  small  (net  more  than 
2  or  3  percent  of  the  mass  cf  the  sample)  so  that  the  assumption  of 
a  two-phase  model  is  quite  good  and  crystallinity  values  obtained  by 
various  experimental  techniques  (x-ray  diffraction,  density  heat  of 
fusion,  etc.)  should  be  similar. (44) 
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Polytetrafluoroethylene  exhibits  two  first  order  crystalline 
transitions  below  its  melting  temperature,  one  at  19°C  and  the  other 
at  30°C.  Below  19°C  the  chain  conformation  is  that  of  a  zig-zag 
arrangement  that  has  been  given  a  twist  of  180°C  per  13  carbon  atoms 
(a  1*13/6  helix).  The  repeat  unit  contains  13  CF^  groups  with  a 
repeat  distance  of  16.9  X.  The  unit  cell  is  triclinic.  The  molecules 
pack  in  the  lateral  direction  like  cylindrical  rods  in  a  nearly  hex¬ 
agonal  arrangement  with  a  nearest  neighbor  repeat  distance  of  5.62X. 

At  the  19*^C  transition  the  chain  helix  relaxes  somewhat  so  that 
between  19°C  and  30°C  transition  the  chain  helix  relaxes  somewhat  so 
that  between  19*^0  and  30°C  there  are  15  CF^  groups  per  180°  (a  1*15/7 
helix)  twist  in  a  zig-zag  conformation.  The  unit  cell  is  trigonal  with 
a  lateral  chain  axis  separation  of  5.66S.  Both  types  of  unit  cells 
contain  only  one  chain. (40)  Between  19°C  and  30°C  the  molecular 
segments  undergo  small  angular  displacement  about  their  long  axis 
with  respect  to  a  preferred  direction  perpendicular  to  the  chain  axis. 
Above  the  30°C  transition  the  amplitude  of  motion  of  the  individual 
chain  segments  increases  to  the  point  where  all  order  along  the  chain 
axis  is  lost.  The  separation  between  neighboring  molecular  chains 
increases  and  the  packing  in  the  lateral  direction  exhibits  trigonal 
symmetry.  Above  the  30°C  transition  there  is  crystalline  regularity 
of  molecular  chains  only  in  two  dimensions  (in  the  plan  oriented  at 
right  angles  to  the  chain  axis).  This  trigonal  packing  in  the  lateral 
direction  is  retained  up  to  the  melting  point.  (6,40,43,44) 

Polytetraf luoroethylene  is  remarkable  in  that  it  is  very 
highly  crystalline  as  polymerized  (93-98%  crystallinity).  The  origin 
of  this  high  crystallinity  in  samples  that  have  not  been  previously 
melted  is  that  the  polymer  chains  are  almost  fully  extended  (although 
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some  chain  folding  does  exist)  so  that  most  of  the  molecular  segments 
can  pack  very  tightly  side  by  side  like  rigid  rods.  This  form  of  PTFE, 
i.e.  unmclted,  has  such  poor  mechanical  properties  that  it  is  usual 
to  sinter  pre-fomed  objects  at  about  380*^C  to  make  commercial 
products. (8)  If  specimens  of  PTFE  are  cooled  slowly  from  the  sinter¬ 
ing  temperature  the  polymer  will  recrystallize,  the  ultimate 
crystallinity  being  greater  the  more  slowly  the  object  is  cooled, 
although  it  will  rarely  reach  that  of  the  unsintered  resin.  The 
ultimate  crystallinity  of  sintered  PTFE  is  rarely  as  high  as  that  of 
the  unsintered  material  because  the  amount  of  chain  folding  increases 
upon  recrystallization  from  the  melt.  The  originally  nearly  fully 
extended  helical  molecules  are,  after  sintering,  packed  into  chain- 
folded  crystals  in  which,  after  a  succession  of  repeat  units  (up  to 
a  few  hundred)  in  a  regular  helical  conformation  the  molecular  chain 
folds  back  in  the  opposite  direction  and  once  again  packs  regularly. 
The  folds,  where  the  molecule  bends  back,  lie  on  a  regular  surface 
and  a  sintered  specimen  consists  of  an  assembly  of  these  folded  chain 
lamellae,  together  with  interlamellar  material  which  is  assumed  to 
be  conformationally  irregular  (amorphous).  Because  of  the  inter¬ 
lamellar  amorphous  material  and  the  chain  folds,  which  contain  a 
substantial  number  of  repeat  units  not  packed  regularly  parallel  to 
other  portions  of  the  molecular  chain,  the  crystallinity  of  sintered 
material  is  usually  less  than  of  unsintered  material. 

The  lamellar  structure  is  revealed  by  studying  fracture 
surfaces  of  PTFE  using  scanning  electron  microscopy.  The  structure 
revealed  on  the  fracture  surfaces  consists  of  long,  but  rather  thin, 
narrow  bands  containing  fine  parallel  striations  perpendicular  to  the 
band  length.  These  bands  are  the  lamellae  mentioned  above  with  the 
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polymer  chains  parallel  to  the  striations.  Typical  dimensions  of 
this  lamellar  structure  are  100  pm  in  length  by  0.2-1  pm  in  width 
with  about  300S  separation  between  striations. (10)  The  width  of  the 
lamellae  corresponds  to  the  distance  between  chain  folds.  Even 
through  the  molecular  chains  of  sintered  PTFE  are  folded  they  are 
still  considered  to  be  extended  chain  molecules  if  the  spacing  between 
fold  surfaces  is  2000S  or  greater. (11) 

From  micros tructure  studies  on  fracture  surfaces  it  has  been 
found  that  the  extended  chain  lamellae  or  PTFE  grow  radially  outward 
from  a  central  point.  These  spherulitic  structures  are  commonly 
10-25um  in  diameter  (Figure  2).  The  lamellae  are  observed  to  get 
thicker  with  increasing  radial  distance  from  the  central  growth  point. 
The  spherulitic  order  is  initially  maintained  by  lamellar  thickening, 
but  at  larger  radial  distances  it  is  disrupted  by  an  increase  in  the 
number  of  lamellae  with  different  orientations.  These  lamellae  grow 
from  the  fold  surface  of  the  radially  oriented  parent  lamellae  and  are 
oriented  almost  perpendicularly  to  the  larger  parent  lamellae. 

II. 3.  Molecular  Weight  and  Molecular  Weight' Distribution 

In  general,  a  polymeric  sample  consists  of  molecules  having 
many  different  chain  lengths  so  that  it  cannot  be  characterized  by  a 
single  molecular  weight  value.  Instead,  there  is  a  distribution  of 
molecular  weights  and  various  averages  or  moments  can  be  defined  to 
describe  this  distribution. 

The  first  moment  of  a  molecular  weight  distribution  is  the 
number-average  molecular  weight  5^  and  is  given  by: 
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of  known  mass.  The  number- average  usually  lies  near  the  peak  or  most 
probable  molecular  weight  in  the  distribution. 


The  second  moment  is  known  as  the  weight-average  molecular 
weight  and  is  given  by; 


Except  for  a  monodisperse  system  (one  which  can  be  characterized  by 
a  single  molecular  weight  value)  the  weight-average  molecular  weight 
is  greater  than  the  number-average. 

The  ratio  M  /M  is  often  used  as  a  measure  of  the  breadth  of 
w  n 

the  molecular  weight  distribution  and  is  called  the  polydispersity  of 
the  system.  A  sample  which  cannot  be  described  by  a  single  value  of 
molecular  weight  is  known  as  a  polydisperse  system. 

The  determination  of  molecular  weight  averages  for  PTFE 
poses  problems  which  are  not  encountered  in  most  other  polymers.  Both 
these  polymers  are  insoluble  at  moderate  temperatures,  and  the  usual 
methods  for  determining  molecular  weight,  which  employ  dilute  solu¬ 
tions,  are  not  applicable.  Quantitative  estimates  of  the  number- 
average  molecular  weight  of  PTFE  have  been  obtained  by  measuring  the 
number  of  endgroups  derived  from  a  polymerization  initiation  system 
containing  radioactive  sulfur,  For  the  PTFE  resins  used  in  this 

work  estimates  of  the  number-average  molecular  weight  are  given 
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below: (29) 

Resin  6  2  to  5  X  10^  Daltons 

Resin  7A  50  to  500  x  10®  Daltons 

As  can  be  seen,  both  are  high  molecular  weight  resins  and  that  only 
a  range  of  molecular  weight  values  can  be  determined. 


Part  III 


Experimental  Apparatus  and  Procedures 

III.l.  Radiation  Equipment 

The  radiation  source  was  a  0.5  to  0.8  MeV  cathode  ray 
accelerator  built  by  the  General  Electric  Company  in  1939.  The 
accelerating  principal  is  based  on  the  resonant  transformer  con¬ 
cept.  (12)  The  dose  rate  used  in  this  work  was  about  1  MRad/min. 

The  dosimetry  was  carried  out  using  thin  film  cellophane 
dosimeters  provided  by  the  Westinghouse  Electric  Corporation,  Upon 
exposure  to  ionizing  radiation  the  optical  density  of  the  dosimeter 
decreases )  the  decrease  being  proportional  to  the  dose  received.  A 
calibration  curve  provided  with  the  dosimeters  relates  the  change  in 
optical  density  to  the  dose  in  megarads.  The  change  in  optical 
density  (optical  density  before  minus  optical  density  after  irradia¬ 
tion)  was  measured  at  655nm  using  a  Bausch  and  Lomb  Spectronic  20 
spec t r opho  tome  ter. 

The  dosimetry  measurements  were  carried  out  using  exactly 
Che  same  arrangement  as  was  used  for  the  PTFE  irradiations  except 
Chat  a  thin  film  dosimeter  was  irradiated  instead  of  sample  material. 
Figure  3  shows  the  irradiation  geometry. 

A  series  of  irradiations  to  various  doses  were  carried  out 
and  Che  resulting  collected  charge  measured  on  the  charge  integrator, 
which  was  located  at  the  accelerator  control  panel.  A  plot  of  dose 
vs.  collected  charge  was  then  made  and  this  plot  served  as  the  dose 
calibration  for  all  irradiations.  Figure  4  shows  this  plot. 

The  sample  irradiation  geometry  used  in  these  experiments  was 
either  a  thin  film  of  PTFE  (0.005  to  0,010  inches)  or  a  thin  layer  of 
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unsiatered  PTFE  powder.  It  is  desirable  Co  have  a  sample  thickness 
small  compared  to  the  range  of  the  electron  beam  in  the  material 
being  irradiated  ('''2nim)  so  that  the  dose  distribution  throughout  the 
thickness  of  the  sample  is  essentially  uniform.  In  this  case,  the 
dose  as  measured  by  the  thin  film  cellophane  dosimeters  can  be  directly 
related  to  the  dose  received  by  the  sample  material. 

The  ambient  air  irradiations  were  carried  out  by  placing  the 
sample  material  in  a  6  cm  diameter  Petri  dish  located  13  cm  below  the 
beam  exit  window.  For  the  irradiations  in  wet  and  dry  oxygen  and  in 
vacuum  the  irradiation  chamber  shown  in  Figure  3  was  constructed.  The 
Petri  dish  used  in  the  ambient  air  irradiations  was  replaced  by  the 
irradiation  chamber  when  an  irradiation  in  o:Qrgen  or  vacuum  was  required, 
otherwise  the  irradiation  geometry  was  the  same  as  for  the  ambient  air 
irradiations . 

The  dry  oxygen  used  for  these  experiments  was  ultra-high 
purity,  with  less  chan  3ppm  of  water  vapor.  Other  contaminants  which 
may  be  present  in  trace  amounts  are  Kr,  Ar,  N2,  methane  and  other 
hydrocarbons.  The  wet  oxygen  irradiations  were  accomplished  by  slowly 
bubbling  oxygen  through  a  wash  bottle  filled  with  distilled  water.  One 
day  prior  to  the  oxygen  irradiation  the  chamber,  with  the  sample  in 
place,  was  evacuated  to  less  than  1  torr  and  this  vacuum  was  maintained 
until  shortly  before  the  irradiation.  The  chamber  was  then  filled 
with  wet  or  dry  oxygen  so  that  the  pressure  inside  the  chamber  was 
about  3  psi  greater  than  atmospheric  pressure.  After  irradiation  the 
sample  was  maintained  in  the  wet  or  dry  oxygen  atmosphere  for  3  days 
before  analysis. 
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For  the  vacuum  irradiations  the  chamber  vas  evacuated  to 

about  lO”^  torr  and  the  sample  was  stored  under  this  vacuum  for  two 

-4 

days  prior  to  the  irradiation.  After  the  irradiation  at  10  torr 
the  sample  was  stored  for  3  days  under  this  vacuum  before  being 
removed  for  analysis. 

III. 2.  Heat  Treatment  Apparatus 

A  schematic  diagram  of  the  pre-irradiation  thermal  quenching 
apparatus  is  shown  in  Figure  5.  The  purpose  of  the  pre-irradiation 
thermal  quench  was  to  lower  the  crystallinity  of  the  sample  material 
so  that  the  effect  of  initial  crystalline  content  on  the  resultant 
radiation  response  of  the  material  could  be  investigated.  The  sample 
vas  heated  to  about  380°C  and  maintained  at  this  temperature  for 
15  minutes.  The  metal  rod  from  which  the  sample  was  suspended  was 
then  released  by  loosening  the  clamp  causing  the  sample  to  fall  into 
either  a  liquid  nitrogen  or  cold  water  bath.  When  unsintered  PTFE 
resin  is  quenched  from  380°C  in  either  cold  water  or  liquid  nitrogen 
the  crystallinity  is  about  1/3  its  initial  value  (as  measured  by 
differential  scanning  calorimetry). 

The  post-irradiation  annealing  apparatus  is  shown  schemati¬ 
cally  in  Figure  6.  The  purpose  of  this  heat  treatment  was  to  investigate 
the  effects  of  thermal  annealing  for  different  amounts  of  time  on  the 
ultimate  density  of  PTFE  irradiated  to  various  doses.  The  on-off 
temperature  controller  was  able  to  control  the  oven  temperature  to 
+  1®C.  The  temperature  was  measured  using  a  copper-cons tantan  thermo¬ 
couple  suspended  in  the  center  of  the  furnace  and  referenced  to  room 
temperature.  A  Leeds  and  Northrup  millivolt  potentiometer  was  used 
to  monitor  the  junction  potential. 
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III. 3.  Density  Measurements 

la  PTFE  the  density  of  the  crystalline  phase  (p^)  is 

greater  than  that  of  the  amorphous  phase  (p^).  This  is  because 

the  molecular  chains  in  the  crystalline  region  pack  more  tightly 

than  do  the  randomly  oriented  chains  (or  portions  of  chains)  in  the 

amorphous  phase.  As  the  degree  of  cr>'Stallinity  increases  so  does 

the  density  of  the  sample  as  a  whole  (p^+  P^).  Thus  the  density  of 

a  sample  is  an  indication  of  the  crystalline  content. 

A  degree  of  crystallinity  by  mass  (a^)  can  be  determined 

from  the  observed  density,  assuming  a  two-phase  model.  Let  and 

V  be  the  specific  volumes  of  the  crystalline  and  amorphous  regions 
a 

respectively  and  let  v  be  the  total  specific  volume  of  the  sample. 
Then 


V  -  a  V  +  (1  -  a  )  v 
a  c  m  a 


III. 3.1. 


solving  for  a  yields 

m  ^  ^ 


III. 3.2. 


where  p  is  the  measured  density. 

Similarly  one  can  calculate  a  degree  of  crystallinity  by 


volume  a 


V 


III. 3. 3. 


For  FIFE  3  *  2.301  g/cm^  and  p  =*  2.004  g/cm  (30). 

c  ^ 

To  make  precise  density  measurement  a  density  gradient 
column  was  used  (Figure  7).  The  column  contains  a  liquid  the  density 
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of  which  increases  linearly  from  top  to  bottom.  The  liquid  consists 
of  the  following  organic  solvents  the  densities  of  which  are  suitable 
to  make  a  column  covering  the  entire  range  of  densities  of  PTFE: 


Solvent 

1,3  dibromopropane 
Ethylene  Bromide 
Bromoform 


Density  (g/cm^) 
1.979 
2.170 
2.876 


The  solvents  used  to  make  up  the  column  must  not  dissolve  or  swell 
the  samples  but  must  completely  wet  them.  By  mixing  appropriate 
amounts  of  these  solvents  one  can  obtain  a  density  gradient  ranging 
from  1.979  g/cm^  to  2.876  g/cm^. 

To  fill  the  column  about  500  ml  of  the  less  dense  liquid  is 
placed  in  the  flask  closest  to  the  graduated  cylinder  which  will 
contain  the  density  gradient.  The  same  amount  of  the  more  dense 
liquid  is  placed  in  the  flask  furthest  from  the  density  gradient 
column.  The  magnetic  stirer  is  started  and  both  stopcocks  are  opened. 
The  less  dense  liquid  flows  through  the  capillary  tube  and  into  the 
bottom  of  the  column.  As  time  goes  on  the  liquid  being  fed  into 
the  bottom  of  the  column  gradually  gets  more  dense,  thus  a  density 
gradient  is  formed  with  the  lowest  density  on  top  and  the  highest 
density  at  the  base.  If  the  liquid  levels  in  each  flask  are  kept 
approximately  the  same  then  a  linear  density  gradient  results.  A 
typical  filling  time  is  about  30  minutes.  A  single  column  should 
retain  its  linearilty  in  density  for  a  period  of  a  month  or  more. 

After  filling  the  column,  small  glass  calibration  beads  of 
known  density  are  dropped  into  the  column  along  with  the  sample  the 
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density  of  which  is  to  be  determined.  A  plot  of  density  vs.  bead 
position  is  constructed  using  a  cathetoraeter  so  that  by  aeasuring 
the  position  of  the  sample  in  the  column  its  density  can  be  obtained. 
The  density  gradient  column  is  immersed  in  a  constant  temperature 
bath  maintained  at  23  +  0.03°C. 

To  measure  the  density  of  sintered,  pre-formed,  void-free 
material  all  that  need  be  done  is  to  drop  the  sample  into  the  column, 
let  it  settle,  then  determine  its  position.  The  measurement  of 
virgin  unsintered  PTFE  resin  is  somewhat  more  involved  because  this 
material  is  very  porous  and  will  not  be  completely  wetted  by  the 
liquid  in  the  column  because  of  trapped  air.  The  apparatus  used  to 
wet  the  unsintered  PTFE  powder  is  shown  in  Figure  8.  The  powder  is 
inserted  into  a  thick  walled  flask.  The  flask  is  then  evacuated  to 
about  0.5  torr.  The  valve  on  the  pump  line  is  closed  and  then  the 
stopcock  between  the  solvent  reservoir  and  the  thick  walled  flask  is 
opened  allowing  solvent  to  enter  the  flask  and  wet  the  pow'der.  The 
solvent  used  is  the  same  as  the  least  dense  solvent  in  the  density 
gradient  column.  After  enough  powder  to  make  a  density  determination 
has  settled  to  the  bottom  of  the  flask  it  is  opened  and  some  powder 
removed  using  a  small  cupfull  of  solvent  and  powder  in  such  a  way 
that  the  powder  never  comes  in  contact  with  air.  This  material  is 
then  carefully  inserted  into  the  top  of  the  density  gradient  column. 
About  one  day  should  be  allowed  for  the  powder  to  settle  in  the  column. 
If  the  powder  has  been  properly  wetted  it  should  settle  to  a  fairly 
narrow  distribution  of  densities. 
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III. 4.  Infrared  Transmittance  Measurements 

The  chemical  changes  in  FIFE  induced  by  ionizing  radiation 
were  monitored  using  infrared  spectroscopy.  Radiation- induced  chemical 
changes  are  characterized  by  the  appearance  of  new  absorption  bands  in 
the  infrared  spectrum  of  these  resins.  Changes  in  the  crystalline 
content  of  both  these  polymers  can  be  obtained  using  absorption  bands 
which  are  characteristic  of  conformations  found  only  in  the  amorphous 
phase. (9,13,14) 

The  infrared  spectra  were  measured  using  a  Perkin- Elmer 
Model  621  double-beam,  grating  spectrophotometer.  The  Model  621  is 
capable  of  covering  the  wavelength  region  from  2.5  to  50  ym  (4000  to 
20  cm”^),  and  employs  the  optical  null  method  to  obtain  the  trans¬ 
mittance  of  the  sample. 

In  the  optical  null  method,  two  infrared  radiation  beams  are 
taken  from  the  same  source  and,  by  means  of  a  rotating  mirror  (chopper), 
each  beam  traverses  the  monochromator-detector  system  on  alternating 
half  cycles.  If  the  two  beams  have  the  same  intensity,  a  d.c.  signal 
will  be  produced  at  the  detector.  If  they  are  unbalanced,  an  a.c. 
signal  results.  The  sample  is  placed  in  one  beam  and  an  optical 
attenuator  (wedge),  graduated  from  0  to  100%  transmission,  is  placed  in 
the  other  (reference  beam).  The  a.c.  signal  resulting  from  unbalance 
is  used  to  drive  the  optical  attenuator  to  achieve  balance.  At  balance, 
the  position  of  the  attenuator  is  directly  related  to  the  transmittance 
of  the  sample  and  the  position  of  the  attenuator  is  recorded  on  a 
chart  recorder  as  a  percent  transmittance.  (15,16,17) 

The  samples  used  for  infrared  analysis  consisted  of  0.005" 
sheets  of  sintered  PTFE.  Samples  of  unsintered  PTFE  powder  were  pre- 
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pared  for  infrared  analysis  by  cold  pressing  at  2000  psi  for  3 
minutes. 

To  investigate  the  infrared  spectrtim  of  PTFE  sheet  above 
its  melting  point  (327°C)  a  cylindrical  furnace  with  open  ends  was 
situated  in  the  spectrophotometer  such  that  the  infrared  beam  could 
pass  through  it.  A  sample  of  PTFE  sheet  was  mounted  at  the  middle  of 
the  furnace.  The  temperature  was  measured  using  a  copper-constantan 
thermocouple  which  was  referenced  to  room  temperature  and  connected 
to  a  Leeds  and  Northrup  millivolt  potentiometer. 

III. 5.  Melt  Viscosity 

The  changes  in  melt  viscosity  induced  in  PTFE  by  ionizing 
radiation  were  measured  using  an  Instron  Model  3211  constant  shear 
capillary  rheometer  system.  Upon  exposure  to  ionizing  radiation  the 
melt  viscosity  of  PTFE  decreases  dramatically  because  of  chain 
scission.  The  resulting  decrease  in  melt  viscosity  is  a  measure  of 
the  amount  of  degradation  taking  place. 

The  Jfodel  3211  consists  of  a  heated  barrel  with  a  capillary 
at  one  end  (Figure  9).  The  capillary  used  in  this  work  was  0.1532  cm 
in  diameter  by  2.516  cm  in  length.  The  sample  was  packed  into  the 
cylinder  and  left  to  melt  for  20  minutes  prior  to  measurement.  The 
material  was  then  forced  through  the  capillary  at  a  constant  shear 
rate  using  a  plunger  connected  to  a  force  transducer.  The  force 
necessary  to  push  the  material  through  the  capillary  at  the  constant 
shear  rate  was  measured  and  from  this  measurement  the  shear  stress 
at  the  capillary  wall  can  be  easily  calculated.  Knowing  the  shear 
stress  and  the  shear  rate  the  viscosity  can  be  calculated  (shear  stress/ 
shear  rate).  Viscosity  measurements  were  made  at  335,  350,  and  380  C. 
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III. 6.  X~Ray  Diffraction 

If  a  beaa  of  x-ray  impinges  upon  a  crystalline,  or  partially 
crystalline  solid,  and  the  intensity  of  the  diffracted  beam  is  measured 
as  a  function  of  the  angle  of  incidence,  it  is  found  that  there  are 
discrete  peaks  in  the  diffracted  x-ray  intensity  distribution.  These 
peaks  are  caused  by  constructive  interference  of  x-ray  beams  scattered 
by  various  atoms  in  the  solid.  The  condition  that  must  be  satisfied 
for  this  constructive  interference  to  occur  is  that  the  path  lengths 
along  the  incident  beam  from  any  given  wavefront  to  any  two  atoms  in 
the  solid,  and  then  in  the  direction  of  the  diffracted  beam  to  any 
other  wavefront  must  be  an  integral  number  of  wavelengths  of  the 
x-ray  beam.  This  condition  is  stated  mathematically  by  the  Bragg 
Equation  stated  below: 

aX  ■  2d  sin9 

where  n  is  an  integer,  X  is  the  wavelength  of  the  incident  x-ray  beam, 
d  is  the  separation  of  the  atoms  and  6  is  the  angle  between  the  inci¬ 
dent  x-ray  beam  and  the  surface  of  the  sample.  To  obtain  a  strong 
diffraction  peak  tnany  atoms  must  be  regularly  spaced  and  their  spacing 
must  satisfy  the  above  condition.  Regularly  spaced  atoms  are  found 
only  in  the  crystalline  phase  of  a  semi-crystalline  polymer.  Thus 
comparisons  of  the  intensity  of  the  peaks  caused  by  scattering  by 
atoms  in  the  crystalline  phase  (or  the  area  under  the  peak)  to  the 
total  area  under  the  diffracted  x-ray  intensity  vs.  angle  of  incidence 
distribution  is  a  measure  of  the  crystalline  content.  Also  the  full 
width  at  half  maximum  of  crystalline  diffraction  peaks  gives  an 
indication  of  crystallite  size  and  degree  of  disorder  in  the 
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crystals.  (41) 

The  x-ray  diffraction  measurements,  were  made  with  a  General 
Electric  GE  11  GNl  diffractometer  using  copper  x-rays  which  have 
a  wavelength  of  1.54178  i  and  a  Nal(TZ)  scintillation  crystal  detector. 
The  sample  material  used  for  these  measurements  was  sintered  Teflon 
PTFE  sheet  of  0.005"  thickness.  The  sintered  sheet  was  chosen  for 
these  experiments  because  of  the  ease  of  mounting  the  sample  in  the 
x-ray  beam  and  because  the  sheet  presents  a  flat  uniform  surface  to 
the  x-ray  beam  so  that  the  diffraction  peaks  will  not  be  displaced  by 
surface  curvature  of  the  sample.  All  measurements  were  made  at  room 
temperature  (above  the  19  C  transition  of  PTFE) . 

III. 7.  Differential  Scanning  Calorimetry 

The  heat  of  fusion  of  a  sample  is  the  heat  absorbed  when 
the  crystalline  portion  of  the  material  melts.  The  heat  of  fusion  is 
proportional  to  the  amount  of  crystalline  material  present  in  the 
sample  and  can  be  used  as  a  measure  of  the  degree  of  crystallinity. 

The  shape  of  the  melting  endotherm  gives  information  on  the  type  of 
crystals  formed  as  a  result  of  irradiation.  To  measure  the  heat  of 
fusion  a  differential  scanning  calorimeter  (DSC)  was  used. 

In  the  type  of  DSC  measurement  used  in  this  work  a  temperature 
monitoring  circuit  measures  and  controls  the  temperatures  of  the 
sample  and  reference  holders  (pans)  to  conform  to  a  predetermined 
time-temperature  program.  This  temperature  is  plotted  on  the  x-axis 
of  an  x-y  recorder.  Simultaneously,  a  temperature-difference  circuit 
compares  the  temperatures  of  the  sample  and  reference  holders,  and 
proportions  power  to  the  heater  in  each  holder  to  keep  their  tempera¬ 
tures  equal.  When  the  sample  undergoes  a  thermal  transition,  the 
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power  to  the  heaters  is  adjusted  to  maintain  their  temperatures,  and 
a  signal  proportional  to  the  power  difference  between  the  sample  and 
reference  pans  is  plotted  on  the  y  axis  of  the  recorder.  The  area 
under  the  resulting  curve  is  a  direct  measure  of  the  heat  of  transi¬ 
tion.  (37) 

In  addition  to  the  heat  of  fusion  the  low  temperature 
transitions  of  FIFE  at  nominal  temperatures  of  19  and  30°C  appears  as 
a  composite  peak  corresponding  to  absorption  of  heat  (endotherm) . 
Because  these  are  cyrstalline  transitions  they  can  be  used  to  yield 
information  on  the  nature  of  radiation-crystallized  material. 

A  Perkin-Elmer  >k5del  DSC-2  differential  scanning  calorim¬ 
eter,  operating  at  a  heating  rate  of  20°  K/min  was  used  for  the  thermal 
analysis.  The  continuous  transformation  differential  scanning  calorim¬ 
eter  (DSC)  analog  output  was  transformed  to  digital  form,  suitable  for 
further  analysis,  was  accomplished  through  the  use  of  an  analog/digital 
converter  (Perkin-Elmer) .  The  interval  between  digital  recording  of 
DSC  amplitude  readings  was  1.2  seconds.  The  temperature  range  over 
which  the  scans  were  made  was  220°K  to  650°K.  At  the  conclusion  of  a 
measurement  on  the  DSC,  the  data,  stored  on  paper  tape,  were  read  by 
a  tape  reader  (Hewlett  Packard  >fodel  2748B)  into  a  computer  (Hewlett 
Packard  Model  9821A) .  A  program  using  proportional  base  line  evalu¬ 
ation  was  developed  and  is  described  together  with  detailed  calibration 
on  over  80  runs. (35).  Heats  of  fusion  could  be  reproduced  to 
+  0.5%.  (36) 


Part  IV 


Results 


IV. 1.  Infrared  Results 

Figures  10  through  17  show  the  changes  in  the  infrared  (IR) 
spectrum  of  PTFE  exposed  to  43  MRads  in  a  partial  vacuum,  in  ambient 
air,  and  in  wet  and  dry  oxygen  atmospheres.  If  one  compares  Figures  10 
through  12  it  is  apparent  that  the  peak  at  1880  cm  ^  appears  strongly 
when  irradiations  are  carried  out  in  ambient  air  and  in  wet  and  dry 
oxygen.  Also  this  peak  is  more  intense  in  dry  oxygen  than  in  wet 
oxygen.  The  absorption  at  1790  cm“^  increases  slightly  under  all 
four  irradiation  conditions.  In  Figure  12,  for  the  dry  oxygen 
irradiations,  it  can  be  seen  that  the  absorption  band  at  1790  cm 
becomes  slightly  broader  on  the  long  wavelength  side.  For  the  wet 
oxygen  irradiation  this  same  band  broadens  considerably  on  both  the 
short  and  long  wavelength  sides.  Figure  13  is  a  spectrum  of  PTFE 
irradiated  to  43  MRads  in  dry  oxygen  and  then  stored  for  35  days  in 
ambient  air.  It  can  be  seen  that  the  absorption  band  at  1880  cm 
and  1775  cm”^  increase  in  intensity  so  that  this  spectrum  strongly 
resembles  the  wet  oxygen  spectrum  shown  in  Figure  12.  The  IR  spec¬ 
trum  of  PTFE  irradiated  under  a  partial  vacuum  (Figure  10)  shows  two 
absorption  bands  appearing  at  1735  and  1715  cm  These  bands  are 
much  more  intense  in  the  vacuum  irradiation  than  in  either  the  axr  or 
oxygen  Irradiations.  The  absorptions  at  1548,  1450,  and  1425  cm 
do  not  change  significantly  in  any  of  the  irradiations.  The  absorp¬ 
tion  shoulder  at  1345  cm"^  is  reduced  upon  irradiation  under  all 
conditions  except  under  vacuum  where  it  changes  very  little. 

Figures  14  and  15  show  the  portion  of  the  IR  region  between 
24 
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1000  and  200  ca  ^  for  irradiations  of  virgin  FIFE  resin  (Dupont  resin 
7A),  which  was  cold  pressed  Chen  quenched  from  the  melt,  then  irradi¬ 
ated  in  vacuum  (Figure  14)  and  in  ambient  air  (Figure  15).  Figures  16 
and  17  show  the  IR  region  between  1000  and  200  cm  ^  for  irradiations 
of  FIFE  sheet  (0.005")  carried  out  in  dry  and  wet  oxygen  respectively. 
The  absorption  band  at  375  cm"^  is  seen  to  decrease  under  all  irradia¬ 
tion  conditions,  che  decrease  in  intensity  being  more  pronounced  when 
the  irradiation  is  carried  out  in  air  or  in  wet  or  dry  oxygen  chan 
under  vacuum.  The  absorption  band  at  270  cm  ^  decreases  in  intensity 
upon  exposure  to  ionizing  radiation,  the  most  dramatic  decrease 
occurring  in  the  dry  and  wet  oxygen  irradiations  (Figures  16  and  17 
respectively)  and  the  smallest  decrease  occurring  in  the  vacuum 
irradiation  (Figure  14).  Concurrent  with  the  decrease  in  absorption 
at  270  cm”^  is  an  increase  in  absorption  at  about  286  cm  in  all 
irradiations.  This  increase  in  absorption  at  286  cm  is  largest  for 
the  dry  and  wet  oxygen  irradiations  and  smallest  in  the  vacuiim  irradia¬ 
tion.  Examining  Figures  16  and  17  one  finds  that  there  is  a  general 
decrease  in  absorption  between  lOOO  and  700  cm  Especially  important 
is  the  decrease  in  intensity  of  the  band  at  775  cm  ^  because  the 
decrease  in  absorbance  of  this  band  has  been  linearly  related  to  the 
increase  in  density  of  FTFE  after  exposure  to  ionizing  radiation 
(see  Figure  53) . 

Some  other  changes  in  the  IR  spectrum  of  irradiated  FTFE 
which  are  not  shown  in  Figures  10  through  17  are  given  celow.  In  the 
ambient  air  irradiation  and  wet  oxygen  irradiations  a  sharp  band 
appears  at  2920  cm”^,  a  small  band  appears  in  che  region  between  2340 


26 


and  2850  cm  and  a  small  absorption  shoulder  appears  at  980  cm 
In  the  spectra  of  the  PTFE  samples  irradiated  in  air  and  especially 
wet  oxygen,  a  sharp  absorption  band  appears  at  about  3550  cm  The 
IR  spectra  of  the  samples  irradiated  in  dry  oxygen  and  in  vacuum 
show  no  change  in  absorption  at  3550  cm  ^  upon  comparison  to  the 
spectra  for  the  unirradiated  control  sample. 

Figures  18  and  19  show  the  IR  spectrum  of  unquenched,  highly 
crystalline,  PTFE  before  and  after  exposure  to  43  MRads  in  ambient  air. 
As  in  the  quenched  sample  a  strong  absorption  peak,  appears  at  1880  cm  ^ 
(Figure  18).  Again,  as  in  the  quenched  sample  irradiated  in  vacuum 
an  absorption  appears  at  1730  cm  ^  and  also  a  small  increase  in 
absorption  occurs  at  about  1715  cm  The  absorption  peaks  at  1548, 
1450  and  1425  cm  ^  decrease  in  intensity  with  irradiation.  It  should 
be  mentioned  that  upon  irradiation  of  the  unquenched  sample  the  entire 
background  transmittance  level  drops  considerably,  i.e.,  the  sample 
as  a  whole  is  less  transparent.  In  Figures  18  and  19  the  spectrum  of 
the  irradiated  sample  was  displaced  upward  on  the  figure  to  match  as 
closely  as  possible  the  unirradiated  spectrum.  Thus  it  is  not  possible 
to  say  anything  quantitatively  about  the  radiation-induced  change  in 
the  number  of  chemical  specied  responsible  for  the  absorptions  at 
1790,  1548,  1450  and  1425  cm  ^  on  the  basis  of  changes  in  intensities 
of  these  bands.  One  can  say  definitely  that  the  absorption  bands  at 
1880,  1730,  and  1715  cm  ^  are  caused  by  radiation-induced  chemical 
changes  in  the  PTFE  sample  because  prior  to  irradiation  these  peaks 
are  not  present  in  the  spectrum  and  appear  only  after  exposure  to 


radiation. 
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Figure  19  shows  the  IR  spectrum  of  unquenched  PTFE  in 
the  range  between  1000  and  200  cm  .  A  small  absorption  at  9o0  cm 
is  seen  to  appear  upon  irradiation.  It  is  of  interest  to  compare  the 
region  between  350  and  250  cm~^  in  Figure  19  to  the  corresponding 
region  in  Figure  15  (IR  spectrum  of  quenched  PTFE).  The  absorption 
bands  between  350  and  310  cm"^  in  the  spectrum  for  unirradiaced 
material  of  Figure  15  are  not  apparent  in  the  unirradiaced  sample 
spectrum  in  Figure  19  and  there- is  no  change  in  absorption  in  this 
region  after  irradiation.  In  the  spectrum  of  the  unquenched  sample 
there  occurs  a  strong  absorption  at  286  cm  ^  with  shoulders  at  about 
293  and  270  cm”^.  This  band  shows  little  or  no  change  upon  irradia¬ 
tion  which  is  in  sharp  contrast  to  the  radiation-induced  changes  in 
the  corresponding  region  of  the  quenched  sample.  Additionalxv ,  Che 
band  at  375  cm  ^  in  the  spectrum  of  the  quenched  sample  which  is 
observed  to  decrease  in  strength  with  irradiation  (see  Figure  15) 
appears  only  as  an  absorption  shoulder  in  the  unquenched  sample  and 
undergoes  very  little  if  any  change  upon  irradiation. 

Figures  20  and  21  show  the  effect  of  post-irradiation 
annealing  in  air  on  the  IR  spectrum  of  0.005"  PTFE  sheet  irradiated 
in  air  to  10  >!Rads.  It  can  be  seen  in  Figure  20  that  the  absorption 
band  at  1880  cm“^,  which  is  formed  upon  exposure  to  radiation  in  air, 
decreases  in  intensity  with  subsequent  annealing  and  the  absorption 
at  1790  cm~^,  which  increases  in  intensity  with  irradiation,  increases 
still  further  with  post-irradiation  annealing.  After  annealing  an 
absorption  feature  appears  about  1715  cm  ^  and  also  at  1700  cm 
The  shoulder  at  1345  cm“^  partly  disappears  with  just  radiation  and 
vanishes  altogether  after  annealing.  Figure  21  shows  that  c.ne  absorp- 
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tion  throughout  the  entire  region  betveen  1000  and  200  cm  decreases. 

It  is  interesting  to  note  that  the  absorption  band  at  285  cm  ^  becomes 
more  intense  with  respect  to  the  band  at  270  cm  after  annealing. 

Also  the  intensity  of  the  band  at  775  cm  ^  decreases  considerably 
with  post-irradiation  annealing. 

The  effect  of  differences  in  the  initial,  pre-irradiation, 
crystalline  content  on  the  extent  of  the  radiation- induced  chemical 
changes  in  PTFE  sheet  as  indicated  by  IR  spectroscopy  is  indicated  in 
Figure  22.  Both  spectra  shown  in  Figure  22  were  taken  from  samples  of 
sintered,  pre-formed,  0.005"  thick  PTFE  sheet.  The  sample  labeled 
"fast  water  quench"  was  heated  to  380°C  for  10  minutes  then  immediately 
immersed  in  cold  water  resulting  in  a  much  reduced  degree  of  crystal¬ 
linity  as  compared  to  the  unquenched  sample.  The  density  of  the 
quenched  sample  was  2.133  gm/cc  as  compared  to  2.177  gm/cc  for  the 
unquenched  sample.  Figure  22  shows  chat  the  absorption  band  at 
1880  cm”^  is  more  intense  in  Che  fast-quenched,  less  crystalline  sample, 
Chan  in  the  unquenched  sample.  Both  these  spectra  were  taken  immediately 
after  irradiation. 

The  effect  of  storing  irradiated  0.005"  PTFE  sheet  in  ambient 
air  after  irradiation  to  125  MRads  is  shown  in  Figures  23  and  24.  It 
can  be  seen  from  Figure  27  that  the  band  at  1880  cm  ^  appears  upon 
irradiation  then  decreases  with  time  after  irradiation.  Tne  absorp¬ 
tion  band  at  1790  cm”^  is  seen  to  broaden  considerably  as  a  function 
of  time  after  irradiation.  No  time-dependent  effects  were  exhibited 
in  the  region  between  1000  and  200  cm“^.  The  time  dependent  effects 
shown  in  Figure  23  are  Che  same  as  chose  of  Figure  13  where  PTFE  was 
irradiated  in  dry  oxygen  then  scored  for  35  days  in  ambient  air. 
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Figure  2A  is  a  plot  of  absorbance  vs.  time  after  irradia¬ 
tion  for  absorption  bands  at  3560,  1880,  and  1775  cm  for  PTFE. 

This  plot  shows  that  the  bands  at  3560  and  1775  cm  ^  increase  in 
intensity  at  the  expense  of  the  absorption  band  at  1880  cm 

Figure  25  is  the  IR  spectrum  of  a  sample  of  PTFE  resin  7A 
which  was  annealed  after  having  been  scored  in  ambient  air  for  55  days 
after  irradiation.  Upon  annealing  the  absorption  bands  at  1810  and 
1780  cm'’^  disappear  while  there  is  little  change  in  intensity  at 
1790  cm”^.  This  is  in  contrast  to  the  spectra  of  the  sample  annealed 
immediately  after  irradiation,  where  the  absorption  at  1790  cm  ^ 
increased  cons ider ab ly . 

The  changes  in  the  infrared  spectrum  produced  by  irradiating 
PTFE  are  indicative  of  chemical  changes.  Tnese  results  show  chat  the  . 
nature  of  the  radiation  induced  chemical  changes  depends  on  the 
presence  of  oxygen  and  water  vapor.  Also,  as  will  be  discussed  in 
Section  V.I.,  the  intensity  of  the  absorption  bands  at  775,  375,  286 
and  270  cm”^  can  be  used  as  a  measure  of  the  relative  crystalline 
content  of  various  samples.  These  bands  were  seen  to  vary  in  intensity 
upon  irradiation  and  post-irradiation  annealing.  It  is  interesting 
to  note  that  the  magnitude  of  the  radiation  induced  change  in  the 
number  of  chemical  groups  responsible  for  the  absorption  at  1880  cm 
depends  upon  the  initial ,  pre-irradiation  crystallinity  of  the  sample. 

IV. 2.  Melt  Viscosity  Results 

Figures  26  through  29  show  plots  of  log  apparent  melt 
viscosity  (log  n^)  vs.  log  apparent  shear  rate  (log  y^)  for  virgin 
Teflon®  resins  7A,  6C,  6  and  sintered  PTFE  sheet  at  2,5,  5,  10, 
and  25  MRads  respectively.  The  capillary  temperature  (T^)  was  350°C. 
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It  is  interesting  to  note  the  slopes  of  the  lines  in  these  rigures 
because  this  is  an  indication  of  the  inolecular  weight  distribution. 
These  slopes  are  tabulated  in  Table  2  under  the  column  headed  n— 1. 

It  is  seen  from  Table  2  that  the  slopes  for  PTFE  resins,  6,  6C,  and 
7A  decrease  dramatically  between  5  and  10  >IRads  while  the  slopes  of 
the  PTFE  sheet  decrease  monotonically  with  dose.  The  slopes  in 
Table  2  were  obtained  by  fitting  a  straight  line  to  the  data  in 
Figures  30  and  31  using  a  linear  least  squares  procedure.  Tne  r 
values  given  in  Table  2  are  the  correlation  coefficients  indicating 
how  well  the  data  are  fit  by  a  straight  line  (r=1.0  is  a  perfect  fit). 

Figures  30  through  33  show  the  same  data  as  that  in 
Figures  26  through  29  except  that  the  log  apparent  viscosity  vs. 
log  apparent  shear  rate  data  are  plotted  for  a  particular  resin  at 
various  doses.  It  can  be  seen  from  Figures  30  through  32  (PTFE 
resins  6,  6C,  and  7A  respectively)  that,  in  the  low  shear  rate  range, 
the  viscosity  drops  considerably  between  5  and  10  MRads  and  decreases 
further  after  exposure  to  25  MRads.  Figure  33  shows  the  results  for 
the  PTFE  sheet.  It  can  be  seen  from  this  figure  that  there  is  a 
large  decrease  in  viscosity  between  10  and  25  >LRads  at  all  shear 
rates  measured. 

Figures  34  through  37  are  plots  of  apparent  viscosity  vs. 
dose  at  a  particular  shear  rate.  All  this  data  was  taken  at  a 
capillary  temperature  of  350^0.  Figures  34  and  35  (PTFE  resins  6 
and  7A.)  show  an  increase  in  viscosity  between  2.5  and  5  MRads  followed 
by  a  sharp  drop  between  5  and  10  '.IRads  at  shear  rates  of  0.404  and 
4.04  sec"^.  The  data  for  the  PTFE  sheet  is  plotted  in  Figures  36  and 
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37.  It  can  be  seen  fron  Figure  36  that  at  a  shear  rate  of  40.37  sec  ^ 
there  is  an  increase  in  viscosity  between  5  and  10  'CRads  followed  by 

a  sharp  drop  between  10  and  25  MRads.  At  a  shear  rate  of  0.404  sec  ^ 

the  viscosity  of  the  PTFE  sheet  seems  to  decrease  monotonically  w'ith 
dose  (Figure  37). 

Figures  38  through  41  shows  photographs  of  pieces  of  extru- 

date  from  the  capillary  rheometer  for  various  resins  under  the 

conditions  listed.  The  most  interesting  extrudate  is  the  PTFE  resin 

7A  irradiated  to  5  MRads  (Figure  41).  The  shear  rate  was  2.02  sec  ^ 

and  the  capillary  temperature  was  380°C.  This  sample  shows  a  very 

pronounced  screw  dislocation.  At  T^  *  350°C,  resin  7 A  irradiated  to 

5  MRads  shows  slight  screw  dislocation  at  a  shear  rate  of  13.46  sec 

and  no  screw  dislocation  at  a  shear  rate  of  4.04  sec  ^  (Figure  39). 

Also  PTFE  resin  6  e^chibits  a  slight  screw  dislocation  at  5  MRads, 

T  »  350°C,  and  a  shear  rate  of  13.46  sec  ^  (Figure  38). 

c 

It  is  interesting  to  note  that  the  extrudate  of  resin  7A 
irradiated  to  5  MRads  and  extruded  at  a  shear  rate  of  4.04  sec  ^  is 
very  smooth  but  twisted  while  the  surface  of  the  extrudate  of  the 
2.5  MRad  irradiation  is  slightly  rough  but  not  twisted  as  in  the  5MRad 
irradiation  (Figure  34).  The  extrudate  of  the  5  MRad  irradiation 
is  much  more  flexible  than  that  of  the  2.5  MRad  irradiation  and 
shows  a  tendency  to  orient,  just  before  breaking.  The  same  is  true 
for  PTFE  resin  6  (Figure  33) .  Another  example  of  a  smooth  twisted 
extrudate  is  shown  in  Figure  40. 

Figure  42  is  a  plot  of  log  apparent  viscosity  vs.  log 
apparent  shear  rate  for  PTFE  resin  7 A  irradiated  to  25  MRad  at  three 
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different  capillary  temperatures,  335,  350,  and  380°C.  Also  included 
in  this  plot  is  the  data  for  resin  7A  irradiated  to  10  MRads  and 
measured  at  a  capillary  temperature  of  380^^0.  As  expected,  the 
viscosity  decreases  at  all  shear  rates  as  the  capillary  temperature 
increases.  Again,  as  in  Figure  36,  there  is  a  large  decrease  in 
viscosity  between  10  and  25  JlRads  at  all  shear  rates  measured. 

Figure  43  shows  the  effect  of  initial,  pre-irradiation 
crystallinity  on  the  final  viscosity  of  the  irradiated  PTFE  resin  6. 

It  is  a  plot  of  apparent  viscosity  vs.  the  time  after  the  initial 
viscosity  measurement  for  shear  rates  2.018,  6.728,  and  20.18  sec 
The  sample  material  was  maintained  in  the  capillary  barrel  for  15 
minutes  prior  to  the  first  viscosity  measurement.  The  viscosities 
at  the  three  shear  rates  indicated  above  were  then  measured  at  various 
intervals  to  see  the  effect  on  the  melt  viscosity  of  storing  the 
material  at  380°C.  Figure  48  shows  that  the  low  crystallinity  sample 
(cold  water  quenched)  gave  a  lower  melt  viscosity  after  exposure  to 
10.8  !lRads  than  the  higher  crystallinity  (slow-cooled)  sample  at  all 
shear  rates  measured.  Also  the  data  in  this  figure  indicates  that 
the  viscosity  measured  at  lower  shear  rates  varies  more  with  storage 
time  at  380°C  than  at  higher  shear  rates. 

To  summarize,  irradiation  of  PTFE  produces  a  dramatic 
decrease  in  viscosity  when  compared  to  that  of  the  unirradiated 
material.  The  increase  in  viscosity  for  the  PTFE  resins  between 
2.5  and  5  MRads  (Figures  34  and  35)  and  between  5  and  10  MRads 
(Figure  36)  may,  as  will  be  discussed  in  Section  V.2.,  be  caused  by 
some  degree  of  branching  and  crosslintsing.  The  increase  in  n  values 
(Table  2)  indicates  that  the  molecular  weight  distribution  of  PTFE 
is  changed  after  exposure  to  ionizing  radiation.  As  with  the  chemical 
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changes  indicated  in  the  infrared  spectrum  of  Figure  22,  Figure  43 
shows  that  the  melt  viscosity  of  an  irradiated  sample  depends  on  the 
initial,  pre-irradiation  crystalline  content. 

IV. 3.  Results  of  Density  Measurements 

Figure  44  shows  plots  of  density  vs.  dose  for  PTFE  sheet. 

The  density  increases  with  dose  up  to  about  50  MRads  then  begins  to 
decrease. 

Figure  45  shows  the  effect  of  post-irradiation  annealing  at 
300°C  in  ambient  air  on  the  density  of  FIFE  sheet.  It  can  be  seen 
that  the  density  increases  rapidly  with  annealing  time  and  then 
levels  off.  Also  shown  in  this  Figure  is  the  effect  of  annealing 
unirradiated  PTFE  sheet.  The  increase  in  density  after  18  hours  at 
300°C  is  much  smaller  than  after  just  10  minutes  at  300  C  for  the 
sample  irradiated  to  10  MRads.  For  the  irradiated  sample  there  is 
very  little  change  in  density  after  30  minutes  of  post-irradiation 
annealing. 

Figures  46  and  47  are  plots  of  density  vs.  post-irradiation 
annealing  time  at  200  and  300°C  respectively  for  PTFE  sheet  irradiated 
to  the  various  doses  indicated.  Both  Figures  46  and  47  indicate  that 
the  density  after  3  hours  annealing  increases  with  dose  up  to  about 
10  MRads.  There  is  little  difference  between  the  density  of  PTFE 
sheet  irradiated  to  10  MRads  or  50  MRads  after  3  hours  post¬ 
irradiation  annealing  at  200  or  300'=’c.  Figure  47  shows  that  the 
density  of  the  100  MRad  material  after  3  hours  at  300°C  is  less  than 
that  of  both  the  10  and  50  JtRad  points.  Comparing  Figures  46  and  47 
one  sees  that  the  density  after  any  given  annealing  time  at  each  or 
the  doses  indicated  is  greater  when  the  annealing  is  done  at  300  C 
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rather  than  at  200°C. 

For  the  melt  viscosity  measurements  of  PTFE  of  different 
pre-irradiation  crystallinities  (Figure  43)  PTFE  resin  6,  which  is  in 
the  form  of  a  fine  powder,  was  used.  The  densities  of  the  high  and 
low  crystallinity  samples  were  measured  using  the  method  for  deter¬ 
mining  powder  densities  discussed  in  Section  III. 3.  The  density 
results  for  the  low  crystallinity  sample  were  2.135  g/cc  which  yields 
a  mass  fraction  crystallinity  of  43%  using  Equation  III. 3. 2.  For  the 
high  crystallinity  material  the  density  was  found  to  be  2.26  g/cc 
yielding  a  mass  fraction  degree  of  crystallinity  of  88%. 

Figure  48  is  a  plot  of  density  vs.  absorbance  at  775  cm  ^  in 
the  infrared  spectrum  of  PTFE  for  various  samples  of  irradiated  PTFE 
sheet.  The  intensity  of  the  absorption  band  at  775  cm  ^  is  indicative 
of  the  amorphous  content  in  the  polymer  sample.  Table  3  is  a  listing 
of  the  data  plotted  in  Figure  53.  The  data  point  at  an  absorbance 
value  of  0.143  corresponding  to  a  dose  of  50  MRads  deviates  from  the 
straight  line  shown  in  the  figure.  The  data  point  corresponding  to  a 
density  of  2.280  g/cc  was  taken  using  a  sample  irradiated  to  10  MRads 
and  then  annealed  for  26  hours  at  295°C  lies  on  the  line  formed  by  the 
data  points  at  absorbance  values  of  0.177,  0.190,  0.210,  0.253  and 
0.466  which  were  obtained  from  unannealed  samples. 

In  suaanary  exposure  to  ionizing  radiation  results  in  an 
increase  in  density  of  PTFE  up  to  a  certain  dose  (approximately 
50  MRads)  beyond  which  the  density  begins  to  decrease  with  dose. 
Post-irradiation  annealing  produces  a  rapid  increase  in  density  above 
that  obtained  by  just  irradiation  and  this  increase  is  greater  when 

300°C  than  at  200°C  (Figures  50  through  52). 


the  samples  are  annealed  at 
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As  shall  be  mentioned  in  Section  V.3.,  this  increase  in  density  is 
caused  by  an  increase  in  the  crystalline  content  of  the  sample. 

IV. 4.  X-Ray  Diffraction  Results 

Figures  49,  50  and  51  show  the  effect  of  irradiation  and 
post-irradiation  heat  treatment  on  the  x-ray  diffraction  pattern  of 
unoriented  PIPE  sheet.  These  measurements  were  made  at  room  tempera¬ 
ture  (''-22°C).  A  sharp  peak  because  of  diffraction  frcm  the  well 
ordered  crystalline  phase  appears  at  29  =  18.3°  corresponding  to  a 
Bragg  spacing  between  crystalline  planes  of  4.84  %.  Another,  weaker, 
crystalline  peak  appears  at  29  =  16.5°  corresponding  to  a  crystalline 
plane  spacing  of  5.34  X.  By  comparing  Figures  49  and  50  one  can  see 
that  the  strong  peak  because  of  diffraction  from  the  crystalline  phase 
gets  larger  upon  irradiation.  This  trend  was  also  found  by 
Nishioka  et.  al.  (38)  The  peak  height  in  Figure  51  cannot  be  directly 
compared  to  those  in  Figures  54  and  55  because,  as  a  result  of  the 
extremely  brittle  nature  of  the  sample  after  annealing,  a  portion  of 
the  sample  broke  off.  The  loss  of  a  portion  of  the  sample  is  not  a 
problem  when  making  quantitative  comparison  of  crystallinity  because, 
to  calculate  crystallinity,  only  ratios  of  the  crystalline  and 
amorphous  scattering  areas  are  used.  The  areas,  in  arbitrary  units, 
in  the  x-ray  diffraction  patterns  of  Figures  49,  50  and  51  from  the 
amorphous  phase  (I^)  and  the  crystalline  phase  (I^)  measured  using  a 
planimeter  are  tabulated  below. 
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Sample 

I 

a 

X 

C 

I 

c 

0  MRads 

0. 065 

0.067 

0.005 

10  MRads 

0.050 

0.080 

0.006 

10  MRads 

Ih  10  m 
anneal  at 
298°C 

0.014 

0.071 

0.004 

The  baselines  used  to  define  these  areas  are  shown  in  Figures  49,  50 
and  51.  It  can  be  seen  that  the  crystalline  scattering  area  gets 
larger  relative  to  the  total  scattering  area  upon  irradiation  and 
post-irradiation  annealing. 

IV. 5.  Differential  Scanning  Calorimetry  Results 

Figure  52  shows  a  plot  of  relative  heat  input  vs.  tempera¬ 
ture  in  the  range  between  270  and  330°K  (-3°C  to  57°C)  for 
unirradiated  PTFE  sheet.  There  is  an  inflection  in  the  peak  at  about 
312*^K  suggesting  that  the  peak  is  a  composite  of  two  crystalline 
transitions. 

Plotted  in  Figure  53  are  the  melting  endotherms  of  PTFE 
sheet  at  doses  of  0,  25  and  150  MRads.  The  interesting  thing  to 
observe  from  this  figure  is  that  upon  irradiation  a  shoulder  develops 
in  the  low  temperature  side  of  the  melting  endotherm.  The  low  tempera¬ 
ture  shoulder  is  especially  pronounced  in  the  150  MRad  sample. 

Finally,  Table  3  is  a  tabulation  of  data  taken  from  all  the 
DSC  measurements.  The  heat  of  transition  (AH^)  is  the  area  under  each 
of  the  endotherms  shown  in  Figure  53.  The  symbols  T^  and  T^  are  the 
which  the  maximum  amplitude  occurs  for  the  endotherms 


temperatures  at 
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in  Figures  52  and  53  respectively.  The  last  colunn  in  the  table  is 
Che  ratio  of  the  heat  of  fusion  to  the  heat  of  transition  . 

The  runs  marked  "2nd  H"  were  taken  after  the  initial  DSC  run  after 
the  sample  had  been  quenched  from  650°^  dow  to  220  K. 


Part  V 


Discussion 


V,l.  Infrared  Pvesults 

The  chemical  processes  which  take  place  when  PTFE  is 
exposed  to  ionizing  radiation  was  followed  using  infrared  spec¬ 
troscopy.  The  absorption  bands  characteristic  of  endgroup 
formation  are  those  at  3550,  1880,  1810,  1790  and  1735  cm 
Table  1  gives  a  listing  of  chemical  species  which  may  be  present 
in  irradiated  PTFE  and  their  corresponding  IR  absorption  bands. 

Previous  work  using  electron  spin  resonance  spectroscopy 
has  shown  that,  upon  exposure  to  ionizing  radiation,  CF^  CFCF^ 
and  CP^  CFj  formed.  (18-21)  These  free  radicals  react 

readily  with  oxygen  to  yield  perf luoroaikylperoxy  radicals  which 
through  thermal  activation  or  interaction  with  each  other,  can  yield 
perfluoroalkoxy  radicals,  e.g.(20) 

CF— 0* 

-CFjCP  CF- 


Comparing  Figures  10,  11  and  12  (vacuum,  ambient  air,  dry 
oxygen  and  wet  oxygen  irradiations  respecitvely)  one  sees  that  the 
absorption  band  at  1380  cm“^  appears  strongly  under  all  irradiation 
conditions  except  under  vacuum  and  appears  more  intense  in  the  cry 
oxygen  irradiation  than  in  the  wet  oxygen  irradiation.  This  indicates 
that  this  absorption  band  is  caused  by  an  oxygen-related  chemical 
species  which  has  been  formed  in  the  PTFE  sample  after  exposure  to 
ionizing  radiation.  Tne  absorption  peak  at  1380  cm  ^  has  been  iden¬ 
tified  with  the  acid  fluoride  endgrou? 
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(-t-F)  (18,22) 

and  from  Figure  12  one  observes  that  there  is  a  much  larger  radiation- 
induced  increase  in  absorption  at  1810  and  1780  cm  in  the  wet  oxygen 
irradiation  than  in  the  dry  oxygen  irradiation.  Bro  and  Sperati  (23) 
have  identified  the  absorptions  at  1810  and  1730  cm  ^  as  being  caused 
bv  the  free  and  bonded  carbonyl  stretch  of  carboxylic  acid  endgroups 


(-C-0H). 

As  would  be  expected,  the  oxygen-associated  absorption  bands  at  1880, 
1810,  and  1780  cm”^  are  absent  in  the  spectra  of  samples  irradiated 
in  vacuum. 

A  combination  of  chemical  reactions  which  rationalize  the 
observed  data  are  listed  below.  The  symbol''^  indicates  the  reaction 
is  initiated  by  ionizing  radiation;  all  other  symbols  have  their  usual 
meaning.  Equations  1  through  7  show  the  reactions  initiated  by  radia¬ 
tion  produced  primary  free  radicals. 

--CF^  CF^  CF^  CF-^-CF^CF^  CF*  (1) 

CF2  CF^  CF'  +  O^— CF^  CF^  -  0  -  0*  (2) 

-»CF  -CF^-CF^-0-0*  +  -CF  -CF  -CF^ - >  ^CF  -CF  -CF  -0 


-O-CF^-CF^-CF^-^ 


CF2-CF2-CF2-0-0-CF^-CF^-CFW - ^  2-^CF2-CF2-CF2-0-  (4) 


a-cF^CF^CF^-O*— ^-CF^CF^  ?'-F  +  f’ 
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CF^-  0* - CF^'  +  CF^  0  (6) 


^  CF^  CF^  -  ^  -  F  +  H^O - ►^F^  CF^  -  C 

-  OH  +  HF 

(7) 

secondary  radical  reactions  are 

—  CF2  CF^  CF^-AA^*-CF2  CF  CF£^  +  F* 

(8) 

0-0* 

CF  CF^—  +  O2 - CF  CF^- 

(9) 

^CF^  C] 

:  CF^-^ 

1 

2 

^CF2  CF  CF^-^  +  -'‘'CF^  Cf  CFy  '  V^F^  < 

?F  CF2— ' 

(10) 

^  CF^  cf 

\  ^  2(^CF2  ^F  CF^) 

(11) 

-w  CF^  Jf  CF^*^ 

^CF^  ?F  CF2*^  — >^F2  ^F  +  *CF2-^ 

(12) 

Most  of  the  primary  free  radicals  formed  via  reaction  1 
are  eliminated  by  recombination  of  radical  pairs.  The  recombination 
of  radical  pairs  formed  in  this  way  is  rapid  because  of  the  limited 
mobility  of  the  polymer  chains  because  of  the  "cage"  affect.  (24) 

The  lifetime  of  primary  radical  pairs  formed  from  chain  scission  is 
less  than  20  seconds. (19)  Most  of  the  primary  free  radicals  which 
would  remain  available  to  participate  in  reaction  2  arise  from  chain 
scissions  close  to  one  end  of  a  polymer  chain.  The  chance  that  the 
radical  would  be  eliminated  by  recombination  are  less  in  this  case 
because  the  resulting  small  radical  fragment  has  enough  mobility  to 
(diffuse  away  from  the  point  of  scission,  leaving  the  primary  i.ree 


radical  on  the  main  polymer  chain  intact.  Reaction  3  shows  the  forma¬ 
tion  of  peroxide  groups  by  the  interaction  of  a  primary  free  radical 
and  a  perf luoroalkyperoxy  radical.  The  decomposition  of  this  peroxide 
group  into  a  perfluoroalkoxy  radical  is  given  by  reaction  4.  Evidence 
for  the  existence  of  peroxide  radicals  formed  via  reaction  2  and  also 
those  peroxide  radicals  formed  vis  reaction  9  comes  from  the  electron 
spin  resonance  studies  of  Lerner  (19)  and  also  Siegel  and  Hedgpeth. (21) 
Reaction  5  shows  the  formation  of  the  acid  fluoride  endgroup  and  also 
a  fluorine  radical.  Finally,  reaction  7  shows  the  formation  of  the 
carboxylic  acid  endgroup  along  with  hydrogen  fluoride.  Evidence  tor 
reaction  7  comes  from  examining  Figure  12.  It  is  clear  that  tne 
absorptions  at  1810  and  1780  cm  from  the  -C-OH  group  are  mucn 
stronger  in  the  wet  oxygen  irradiation  then  in  the  dry  oxygen  irradia¬ 
tion.  Reaction  6  is  a  possible  source  of  carbonyl  fluoride  which  has 
been  observed  by  infrared  analysis  in  the  gasses  evolved  during 
irradiation  of  FTFE.  (18) 

Reactions  8  through  12  show  the  possible  rate  of  secondary 
free  radicals  formed  upon  exposure  to  ionizing  radiation.  Because  of 
the  large  percentage  of  primary  free  radical  pairs  produced  by  chain 
scission  which  recombine,  secondary  free  radicals  are  about  10  times 
more  numerous  as  primary  free  radicals.  (21)  Reaction  12  shows  the 
formation  of  the  acid  fluoride  endgroup  along  with  a  primary  free 
radical.  This  acid  fluoride  endgroup  is  free  to  react  with  water 
forming  a  caboxyl  endgroup  as  shown  in  reaction  7 . 

Figures  13  and  23  show  the  effect  of  scoring  irradiated  PTFE 
in  ambient  air.  Examining  Figure  23  one  observes  the  1880  cm  peak, 
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wtiich  is  associated  with  the  acid  fluoride  endgroup,  to  appear 
strongly  immediately  after  irradiation  and  subsequently 
decrease  in  intensity  as  a  function  of  storage  time  in  ambient  air. 
As  the  1880  cm”^  peak  decreases  the  absorptions  at  1810  and  1780  cm 
come  in  (free  and  bonded  carbonyl  absorptions  respectively).  This 

be  explained  on  the  basis  of  water  vapor  in  air  reacting  with  the 
acid  fluoride  endgroups  to  produce  carboxyl  endgroups  as  shown  in 
reaction  7. 

Figure  24  shows  the  absorbance  as  a  function  of  storage 
time  in  ambient  air  for  the  absorption  bands  at  1310,  1780  and 
3560  cm”^.  As  mentioned  in  connection  with  Figure  23  and  shown  again 
in  Figure  24  the  absorption  band  at  1780  cm  ^  decreases  in  intensity. 
This  is  a  result  of  the  hydrolysis  of  the  acid  fluoride  endgroup  to 
fora  a  carboxylic  acid  endgroup  as  given  in  reaction  7. 

Another  possible  reaction  of  irradiated  PTFE  which  results 
in  the  formation  of  a  perfluoromethyl  endgroup  is; 

--^CF^  CF^  CF*  +  F* — V  -CF^  CF^  CF^  (13) 

This  reaction  does  not  occur  to  any  great  extent  in  PTFE  because 
there  is  no  appreciable  increase  in  absorption  at  980  cm  which 
would  indicate  an  increase  of  CF^  CF2  CF^  after  exposure  to 
ionizing  radiation  (see  figures  14-17). 

The  absorption  band  at  1790  cm  ^  has  been  identified  as 
being  caused  by  the  olefin  endgroup 

F  F 

-c  -  CSC  .(23) 

F  F  F 
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This  peak  gets  slightly  stronger  for  irradiations  carried  out  in  air, 
under  vacuum,  and  in  wet  and  dry  oxygen  (see  Figures  10-12)  -  ^J-so 
the  number  of  olefin  endgroups  increases  as  a  function  of  time  after 
irradiation,  as  can  be  seen  by  examining  Figure  13.  Possible  reactions 
leading  to  olefin  endgroups  are: 

-CFj  cr  CFj,  CF- - ^-CFj  CF  CF-+  'cF  ~  (W 

wCFj  CF'  +  'cFj  CF^  -CF^  CFj  +  CF^SCF-CF^—  (15) 

Reaction  14  is  endothermic  with  an  enthalpy  of  reaction 

^  8298.15  ■ 

F 

The  fact  that  the  number  of  CF  -  C  C  endgroups  increases  immediately 

^  F  F 

after  irradiation  (as  evidenced  by  the  increase  in  absorption  at 
1790  cm~S  indicates  that  the  secondary  free  radicals  formed  upon 
irradiation  are  highly  excited  and  able  to  cause  reaction  Id  to  occur 
spontaneously,  without  any  additional  heat  being  aided.  The  dispro¬ 
portionation  reaction,  reaction  15,  may  occur  as  two  low  molecular 
weight  molecules  diffuse  through  the  polymer  matrix  and  encounter  one 
another.  The  lack  of  any  evidence  for  an  increase  in  the  number  or 
perfluoromethyl  endgroups,  however,  indicates  that  this  reaction  is 
not  important.  Most  probably,  when  two  primary  free  radicals  encounter 
one  another  they  undergo  mutual  termination,  which  is  a  more  favorable 
reaction  thermodynamically  chan  the  disproportionation  reaction.  (3) 
Figures  20,  21  and  25  show  the  effect  of  post-irradiation 
annealing  on  PTFE.  In  Figure  20  the  PTFE  was  annealed  immediately 
after  irradiation  at  295°C  for  26  hours  in  air  while  in  Figure  2o 
the  PTFE  was  stored  in  ambient  air  for  55  days  after  irradiation  tnen 
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annealed  for  18  hours  at  about  300°C.  The  interesting  effect  shown 
in  these  two  figures  is  the  growth  of  the  absorption  band  at  1790  cni 
(corresponding  to  the  -CF = CF^  group)  when  FIFE  is  annealed  immediately 
after  irradiation.  If  the  material  is  stored  for  55  days  in  ambient 
air  then  annealed  (Figure  25)  there  is  no  increase  in  absorption  at 
1790  cm”^  but  the  absorption  features  at  1310  and  1780  cn  ^  (character- 
istic  of  the 

0 

M 

-C-OH 

group)  disappear  indicating  decarboxylation,  k  possible  cause  for  the 
difference  in  behavior  of  these  two  samples  is  that  immediately  after 
irradiation  many  of  the  radiation-induced  secondary  free  radicals  have 
not  yet  reacted  with  oxygen  dissolved  in  the  polymer  matrix.  When  the 
sample  is  annealed  immediately  after  irradiation  the  secondary  free 
radicals  can  either  react  with  oxygen  and  water  vapor  to  form  carboxyl 
endgroups  as  evidenced  by  the  increase  in  absorption  at  1810  cm  ^ 
(reaction  7)  in  Figure  20  or  they  may  react  to  form  olefin  endgroups 
(reaction  14).  Upon  annealing,  decarboxyloation  occurs  as  evidenced 
by  the  disappearance  of  the  absorption  bands  at  1810  and  1780  cm  ^  in 


Figure  29.  Decarboxylation  occurs  via  the  reaction: 


— -CF^-  C-0H« 


— CF^  H  +  CO^ 


Reaction  16  explains  the  observed  presence  of  CO^  in  the  offgases 
of  post-irradiation  heat  treated  FIFE.  (18) 

Figure  21,  which  is  the  IR  spectrum  between  1000  and  200  cm 
of  the  same  sample  used  in  Figure  20,  shows  the  appearance  of  a  small 


45 


absorption  band  at  980  cm  ^  after  heat  treatment.  This  band  also 
appears  in  the  spectrum  of  the  sample  stored  in  ambient  air  for  55 
days  and  then  annealed  and  corresponds  to  the  formation  of  trifluoro- 
methyl  endgroups  (  CF^-CF^)  was  shown  by  reaction  13.  The 
appearance  of  this  band  after  heat  treatment  may  be  attributable  to 
the  increase  in  the  number  of  isolated  primary  free  radicals  because 
of  reactions  6,  12  and  14.  These  isolated  primary  free  radicals 
(i.e.  not  a  part  of  a  free  radical  pair)  are  then  able  to  react  with 
mobile  fluorine  radicals. 

Examination  of  Figure  10  (vacuum  irradiation)  shows  that 
an  absorption  feature  appears  between  1735  and  1715  cm  ^  and  that  this 
absorption  occurs  much  more  strongly  in  the  vacuum  irradiation  than 
in  the  ambient  air,  wet  oxygen  or  dry  oxygen  irradiations.  Tnis  band 
may  be  characteristic  of  internal  olefin  formation  or  to  bond  config¬ 
urations  characteristic  of  branching  or  crosslinking  (i.e.  -C-) . 

C 

These  reactions  are  likely  to  occur  when  the  irradiation  is  done  in  a 
vacuum  because  there  is  no  oxygen  present  to  scavenge  the  radiation- 
produced  free  radicals.  To  test  for  the  presence  of  double  bonds, 
the  PTFE  sample  used  to  obtain  Figure  iO  was  exposed  to  bromine 
vapors  for  10  days.  Exposure  to  bromine  vapor  should  result  in  the 


removal  of  any  unsaturation  via  the  following  reaction: 


-CFj  C=C  CF- 


Br  Br 

CF^  5-5  CF, 


provided  the  bromine  is  able  to  diffuse  into  the  solid  PTFE  material 
to  reach  double  bond  sites.  The  infrared  spectriim  of  the  sample  used 
in  Figure  10  showed  no  change  in  the  region  between  1735  and  1715  cm 


after  exposure  to  bromine  vapor  for  10  days 
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indicating  either  that  there  is  no  internal  unsaturation  or  that  if 
there  are  some  double  bonds  present,  they  are  not  reactive  with  the 
bromine  vapor  under  the  conditions  of  this  experiment.  However, 
because  of  the  favorable  thermodynamics  of  the  branching  reaction (5) 
(to  be  discussed  in  Section  V.2)  it  is  postulated  that  the  absorptions 
between  1735  and  1715  cm  ^  are  caused  by  branch  formation. 

Figures  14  through  17  show  the  IR  spectrum  of  FIFE  in  the 
range  between  1000  and  200  cm”^  for  Irradiations  carried  out  under 
vacuum,  in  ambient  air,  in  dry  oxygen  and  in  wet  oxygen  respectively. 
The  absorption  bands  in  the  region  between  800  and  700  cm  ^  at  375  cm 
and  at  270  cm”^(9)  are  attributed  to  conformations  in  the  amorphous 
phase  of  the  polymer.  In  Figure  14  it  can  be  seen  that  the  absorption 
band  at  270  cm~^  of  the  amorphous  phase  decreases  and  another  band 
at  about  286  cm”^  gets  stronger.  This  effect  is  more  pronounced  in 
Figure  15  where  there  is  a  greater  decrease  in  the  270  cm  ^  band  and 
a  larger  increase  in  the  band  at  286  cm  In  the  oxygen  irradiations 
of  Figures  16  and  17  the  absorption  band  at  270  cm  ^  is  greatly 
decreased  in  intensity  while  the  absorption  for  the  band  at  286  cm  ^ 
is  strongly  increased.  The  absorption  at  286  cm  ^  has  been  attributed 
to  chain  folds  in  the  crystalline  phase  of  FIFE.  (9) 

What  the  results  described  above  suggest,  is  that  irradi- 
tion  of  PTFE  under  all  conditions  examined  in  this  work  causes  an 
increase  in  the  crystallinity  to  some  degree  as  shown  by  the  decrease 
in  intensity  of  the  amorphous  absorption  (270  cm  ^  band)  and  the 
increased  absorption  of  the  crystalline  chain  fold  band  at  286  cm 
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The  magnitude  of  the  increase  depends  upon  the  conditions  under  which 
the  PTFE  is  irradiated,  which  can  be  understood  by  realizing  that 
irradiation  of  PTFE,  under  all  conditions,  lowers  the  molecular  weight 
of  the  polymer  through  chain  scissions.  The  above  mentioned  increase 
in  the  number  of  chain  endgroups  and  the  melt  viscosity  data  to  be 
discussed  below  clearly  indicate  a  reduction  in  molecular  weight.  Also, 
as  will  be  discussed  below,  most  of  the  endgroup  formation  occurs  in 
the  amorphous  region  of  the  polymer.  The  lower  molecular  weight 
molecules  (most  of  which  are  formed  in  the  amorphous  region) ,  being 
more  mobile,  are  able  to  move  about  so  as  to  assume  the  lower  free 
energy  conformation  of  the  regularly  packed  crystalline  phase.  In 
addition,  the  breaking  of  molecular  chains  in  the  amorphous  region 
relieves  stresses  built  up  in  the  polymer  matrix  because  of  the 
original  non-equilibrium  crystallization  of  the  PTFE  resin.  This 
reduction  in  stress  permits  further  crystallization.  The  diagram  on 
the  following  page  shows  schematically  some  of  the  important  processes 
in  radiation-induced  recrystallization.  The  reason  for  the  greater 
decrease  in  amorphous  content  when  the  irradiation  is  carried  out  in 
ambient  air  or  in  oxygen  than  in  vacuum  is  that  oxygen  is  present  to 
scavenge  the  radiation-induced  free  radicals.  Oxygen  can  react  with 
a  primary  free  radical  to  produce  an  acid  fluoride  endgroup  (reaction  5) 
thus  eliminating  the  possibility  of  that  radical  recombining.  This 
reaction  of  a  primary  free  radical  with  oxygen  to  produce  a  stable 
endgroup  results  in  a  lowering  of  the  molecular  weight.  Secondary 
free  radicals  can  react  with  oxygen  to  cause  chain  scission,  with  one 
stable  acid  fluoride  endgroup  and  one  primary  free  radical  being  formed 
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Schematic  of  important  processes  in  radiation- 
induced  crystallization 


(Not  to  scale) 


I.  Unirradiated 

a)  Loose  fold 

b)  Tie  molecule 

c)  Non-adjacent  re-entry 

d)  Entirely  amorphous  molecule 

e)  Entanglement  point 


Radiation- induced 

a)  Ruptured  loose  fold 

b)  Ruptured  tie  molecule 

c)  Ruptured  non-adjacent  re-entry 

d)  Scissioned  molecule 

e)  Shorter  molecules,  fewer 
entanglements. 
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(reaction  12)  which  again  results  in  a  lowering  of  the  molecular 
weight.  When  the  irradiation  is  performed  in  vacuum,  stable  olefin 
endgroups  may  be  formed  (reaction  14)  along  with  some  stable  tri- 
fluoromethyl  endgroups  (reaction  13)  but  there  is  also  a  strong 
possibility  for  recombination  reactions  and  even  chain  branching  or 
crosslinking  to  occur  (reactions  13  through  20). 

The  chain  branching  reactions  are 


Another  possibility  is  chat  when  PTFE  is  irradiated  in  a  vacuum  the 
secondary  free  radicals  and  those  primary  free  radicals  that  do  not 
undergo  recombination,  do  not  react  at  all.  The  extreme  stability  of 
these  radicals,  especially  the  secondary  free  radicals,  has  been 
determined  using  electron  spin  resonance  spectroscopy.  (19,21,25) 

Thus  it  is  argued  that  the  decrease  in  molecular  weight  will  be  greater 
when  PTFE  is  irradiated  to  a  given  dose  in  the  presence  of  oxygen  chan 


when  irradiated  in  vacuum.  The  lower  molecular  weight  material  will 


Chen  crystallize  to  a  greater  degree  at  any  given  temperature  than 
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will  the  higher  molecular  weight  vacuum-irradiated  material. 

The  amorphous  absorptions  at  375  and  775  cm  are  also  seen 
to  decrease  with  irradiation  (Figures  14  through  17).  Because  of  the 
high  amorphous  content  of  the  sample  used  to  obtain  the  spectrum  of 
Figure  14  and  its  thickness,  it  is  not  possible  to  detect  the  amorphous 
absorption  at  775  cm"^  in  Figure  14.  The  absorption  band  at  775  cm 
has  been  used  as  a  means  of  obtaining  one  measure  of  the  crystallinity 
of  PTFE.  (26) 

The  effect  of  post-irradiation  annealing  on  the  IR  spectrum 
in  the  region  between  1000  and  200  cm"^  is  shown  in  Figure  21.  As  can 
be  seen  by  the  decrease  in  intensity  of  the  amorphous  absorption  bands 
at  775,  375  and  270  cm”^  the  amorphous  content  decreases  considerably 
with  post-irradiation  annealing.  The  band  at  286  cm  attributed  to 
chain  folds  in  the  crystalline  phase  increases  in  intensity  upon 
annealing  after  irradiation.  This  behavior  is  to  be  expected  on  the 
basis  of  a  two-phase  model  where  a  decrease  in  amorphous  content  must 
result  in  a  corresponding  increase  in  crystalline  content. 

The  IR  spectra  in  Figure  22  show  the  effect  of  differences 
in  initial,  pre-irradiation  crystalline  concent  on  the  radiation- 
induced  chemical  changes  on  the  PTFE  sheet.  The  unquenched  PTFE 
material  had  a  density  of  2.177  g/cc  while  the  density  of  the  fast- 
quenched  sample  was  2.134  g/cc  indicating  that  the  fast-quenched 
material  had  a  lower  crystallinity  than  the  unquenched  PTFE. 

Other  than  this  difference  in  pre-irradiation  amorphous  content, 
both  samples  were  the  same-  The  interesting  part  of  Figure  22 
is  the  band  at  1330  cm“^  for  the  acid  fluroide  endgroup  structure. 

It  is  seen  that  this  band  is  stronger  in  the  spectrum  of 
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the  sample  with  the  higher  amorphous  content.  The  reason  why  the 
acid  fluroide  band  is  stronger  in  the  sample  with  the  higher  amorphous 
content  lies  in  the  fact  that  the  crystalline  material  packs  much  more 
closely  (higher  density)  than  does  the  material  in  the  amorphous  phase. 
The  packing  in  the  crystalline  phase  is  so  close  chat  little  if  any 
oxygen  or  water  vapor  can  diffuse  in.  Thus,  essentially  all  of  the 
oxygen  related  reactions  are  limited  to  free  radicals  formed  in  Che 
amorphous  region.  From  this  argument  one  would  expect  that,  for  a 
given  radiation  dose,  material  with  a  higher  amorphous  content  would 
suffer  a  larger  degree  of  molecular  weight  degradation  than  a  sample 
with  a  low  amorphous  concent  because,  with  a  high  amorphous  concent, 
more  chains  are  available  to  undergo  chain  scission  via  oxygen  related 
reactions.  This  hypothesis  is  borne  out  by  melt  viscosity  measure¬ 
ments  to  be  discussed  below  on  two  PTFE  samples  which  are  identical 
except  for  their  pre-irradiation  amorphous  content. 

In  siimmary,  exposure  of  PTFE  to  ionizing  radiation  results 
in  the  formation  of  primary  and  secondary  free  radicals,  the  secon¬ 
dary  free  radicals  being  about  10  times  more  numerous  than  the  primary 
radicals  as  reported  in  ESR  studies.  (21)  If  a  sample  is  irradiated 
and  stored  in  a  vacuum  the  primary  free  radicals  may  recombine  or  form 
trifluoromechyl  endgroups.  The  secondary  free  radicals  may  react  to 
form  olefin  endgroups,  double  bonds  within  the  polymer  molecule, 
branches  or  crosslinks.  Also  the  radicals  may  not  react  at  all.  When 
the  irradiations  are  carried  out  in  the  presence  of  oxygen  and  water 
vapor  the  radicals  react  to  form  acid  fluoride  endgroups  resulting  in 
degradation  of  the  molecular  weight.  These  acid  fluoride  endgroups 
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subsequently  react  with  water  vapor  for  form  carboxyl  endgroups. 

Because  of  the  reduction  in  molecular  weight  after  exposure  to  ion¬ 
izing  radiation  the  crystallinity  of  PTFE  increases.  Post-irradiation 
annealing  increases  the  crystallinity  still  further.  The  large  increase 
in  crystallinity  upon  irradiation  in  the  presence  of  oxygen  and  water 
vapor  and  after  post-irradiation  annealing  indicates  that  branching 
and  cross  linking  reactions  are  not  important.  The  larger  molecules 
formed  from  branching  and  cross  linking  reactions  would  tend  to  inhibit 
crystallization. 

V.2.  Discussion  of  Melt  Viscosity  Results^ 

An  Instron  capillary  rheometer  was  used  to  measure  the  melt 
viscosity  of  irradiated  PTFE.  This  instrument  is  described  in 
Section  III. 7.  on  experimental  methods.  The  observed  decrease  in  melt 
viscosity  upon  irradiation  gives  an  indication  of  the  degree  of 
molecular  weight  degradtion.  The  slope  of  the  viscosity  vs.  shear  rate 
curve  yields  qualitative  information  on  the  radiation-induced  changes 
in  the  molecular  weight  distribution.  Also  the  amount  of  swelling  and 
the  general  appearance  of  the  polymer  extrudate  as  it  leaves  the  capil¬ 
lary  gives  information  on  the  deviation  from  purely  viscous  Newtonian 
flow  behavior. 

In  general,  non-Newtonian  and  viscoelastic  behavior  are 
characteristic  of  polymer  melt  flow.  The  purely  viscous  flow  of  an 
ideal  Newtonian  fluid  involves  no  recoverable  deformation,  just  the 
relative  motion  of  successive  layers  of  fluid  past  each  other  at 
fixed  velocities  as  long  as  a  shearing  force  is  applied. •  For  an  ideal 
Newtonian  fluid  the  shear  stress,  x,  is  directly  proportional  to  the 
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time 


rate  of  change  of  shear  strain  (shear  rate,  y)- 


T  «  ny 


(V.2.1) 


The  proportionality  constant  n  is  the  Newtonian  viscosity.  Low 
molecular  weight  gases  and  liquids  exhibit  ideal  Newtonian  flow 
behavior. 

At  the  other  extreme  a  material  may  exhibit  completely 
reversible  deformation  in  response  to  an  applied  shearing  stress. 
This  is  called  elastic  deformation.  Upon  application  of  a  shearing 
stress  to  an  elastic  body,  that  body  will  deform  instantly  and,  if 
the  stress  is  removed,  it  will  return  essentially  instantaneously  to 
its  initial  shape  and  size.  For  an  ideal  elastic  body  the  shear 
stress,  T,  is  directly  proportional  to  the  magnitude  of  the  shear 
strain  (y) . 


T  -Gy 


(V.2.2) 


the  constant  G  is  the  shear  modulus. 

In  general,  flow  properties  of  polymer  melts  are  between 
those  of  an  ideally  elastic  and  an  ideally  viscous  material  and  they 
exhibit  what  is  known  as  viscoelastic  flow  characteristics.  For 
polymer  melts  the  following  equation  relates  to  shear  stress,  t,  to 
the  shear  rate  y: 

T  .  n(v); 

Unlike  the  case  of  a  Newtonian  fluid  where  the  viscosity  is  constant, 
here  the  viscosity  is  a  function  of  the  shear  rate  r,(Y),  Thus  it  is 
necessary  to  measure  the  viscosity  over  a  wide  range  of  shear  rates  to 
characterize  the  flow  properties  of  a  viscoelastic  tluid- 
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In  many  cases  the  dependence  of  viscosity  on  shear  rate 
over  a  wide  range  of  shear  rates  may  be  expressed  in  a  simple 
mathematical  form  called  the  power  law,  which  is  given  by  the  equation 

•  n-1 


where  the  subscripted  quantities  refer  to  a  reference  state.  For 
most  polymer  melts  n<l  so  that  the  viscosity  decreases  with  increas¬ 
ing  shear  rata.  This  sort  of  behavior  is  called  ’’shear-chinning" 
and  is  characteristic  of  the  melt  flow  of  irradiated  PTFE.  .Newtonian 
flow  is  characterized  by  n=l.  As  n  becomes  smaller  the  shear¬ 
thinning  deviation  from  ideal  Newtonian  flow  becomes  greater.  Thus 
a  may  be  considered  as  a  measure  of  the  non-Newtonian  character  of 
a  polymer  melt  and  is  often  known  as  the  "flow  index"  of  a  material. 

Some  flow  index  values  are  calculated  in  Table  2  for  various  samples 
of  irradiated  PTFE. 

Qualitatively,  the  cause  of  the  decrease  in  viscosity  with 
increasing  shear  rate  has  to  do  with  the  length  and  flexibility  of 
macromolecules.  Because  of  the  length  of  polymer  chains ,  the  molecules 
tend  to  become  entangled.  These  entanglements  are  not  permanent 
chemical  bonds  (i.e.  not  crosslinks),  but  merely  are  molecules  which 
are  looped  about  one  another  so  that  they  still  have  some  freedom  to 
move  relative  to  each  other.  At  low  shear  rates  the  molecular  entangle¬ 
ments  remain  intact  because  of  the  low  velocity  gradient  in  the  polymer 
stream.  Thus,  with  the  application  of  a  shearing  stress  the  molecules 
are  unable  to  move  independently  of  one  another,  but  the  movement  of 
one  molecule  causes  an  adjacent  molecule  to  be  dragged  along  with  it. 
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This  coordinated  motion  causes  the  viscosity  to  be  higher  at  low  shear 
rates.  At  higher  shear  rates  (higher  shear  stresses)  the  molecules 
begin  to  become  untangled  and  are  able  to  orient  themselves  in  the 
direction  of  flow.  Because  of  the  reduction  in  the  number  of  entangle¬ 
ments  the  molecules  are  able  to  slide  by  each  other  more  easily  so  that 
the  viscosity  of  the  polymer  melt  is  lowered.  Bueche  (27)  has  developed 
a  theory  to  calculate  melt  viscosities  considering  chain  entanglement. 

The  n  values  listed  in  Table  2  were  obtained  from  linear 
least  squares  fits  to  the  data  plotted  in  Figures  26  through  29. 

These  figures  show  plots  of  the  log  of  the  apparent  viscosity 

(log  n  )  vs,  the  log  of  the  apparent  shear  rate  (log  •  The 
3L 

apparent  shear  rate  is  the  shear  rate  of  a  N’ewtonian  fluid  extruded 
vader  the  same  conditions  as  the  actual  polymer  melt  and  is  given  by 

:  .  (V.2.5) 

where  Q  is  the  volumetric  flow  rate  of  the  melt  and  R  is  the  capillary 
radius.  The  apparent  viscosity  is  given  by 


The  apparent  shear  rate  is  only  an  approximation  to  the  actual  shear 
rate  but  it  is  common  practice  for  melt  viscosity  data  to  be  presented 
in  the  form  of  a  plot  of  apparent  viscosity  vs.  apparent  shear  rate. 

It  can  be  seen  by  examining  Table  2  that  for  the  FIFE  resins  (resin 
7A,  6,  and  6C)  the  value  of  n  decreases  ber-een  2.5  and  5  >lRads  then 
increases  dramatically  between  5  and  10  MRads.  This  large  increase  in 
the  a  value  indicates  that  the  polymer  melt  is  behaving  more  like  an 
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ideal  Newtonian  liquid.  The  tendency  toward  Newtonian  flow  as  the 
radiation  dose  is  increased  is  also  exhibited  by  the  PTFE  sheet. 

Also.  Figures  30  through  33  show  a  large  drop  in  apparent  melt  vis¬ 
cosity  between  5  and  10  MRads  for  PTFE  resins  6,  6C  and  7A  and  between 
10  and  25  MRads  for  the  PTFE  sheet  (Figure  33) .  There  is  also  a  large 
drop  in  melt  viscosity  between  0  and  2.5  'iRads  because  the  viscosity 
of  unirradiated  PTFE  is  approximately  lO^^poise  at  380°C.  (13) 

The  tendency  towards  Newtonian  flow  and  the  drop  in  viscosity 
can  be  explained  in  terms  of  radiation— induced  chain  scission  which 
results  in  a  lowering  of  the  molecular  weight.  Shorter  molecules  will 
have  fewer  entanglements  per  molecule  so  that  they  will  be  able  to 
flow  past  one  another  more  easily,  thus  resulting  in  a  lowering  of 
the  viscosity  after  irradition  of  the  polymer  material.  The  increase 
in  the  n  value  is  also  caused  by  the  reduction  in  entanglement  density 
upon  exposure  to  radiation.  The  fewer  entanglements  present,  the  more 
the  polymer  molecules  will  be  independent  of  each  other  and  will  there¬ 
fore  exhibit  flow  properties  closer  to  those  of  a  Newtonian  fluid 
(where  there  is  no  physical  connection  between  molecules) . 

The  net  decrease  in  viscosity  with  radiation  dose  for  PTFE 
indicates  chat  chain  scission  is  dominant  when  the  irradiation  is 
carried  out  in  air.  The  increases  in  the  n  value  and  also  the  increase 
in  viscosity  between  2.5  and  5  MRads  for  the  PTFE  resins  at  low  shear 
rates  (Figures  30  through  32)  indicate  that  there  may  be  some  other 
reactions  which  occur  upon  exposure  to  radiation  which  result  in  an 
increase  in  the  number  of  molecules  at  Che  high  end  of  the  molecular 
weight  distribution. 
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Reactions  which  woxild  accomplish  this  are  the  cross  linking 
reaction  (Reaction  18)  and  branching  or  grafting  reactions  (Reac¬ 
tions  18  and  20)  mentioned  in  Section  V.l.  and  repeated  here: 


CF  +  CF^  CF^  CF|^ 


-CF^  CF  CF^- 
CFz 


(13) 


fCF^  CF  CF--  +  CF^  -  CF2- 


-CF^  CF  CF^- 
CF„ 


(19) 


CF, 


2('^CF2  CF  CF^  - ^  CF^  CF  CF^  (20) 

CF^  CF  CF^ 

The  crosslinking  reaction  (Reaction  20)  is  highly  unlikely  for 
reasons  of  steric  hindrance.  (23)  Reaction  18,  which  involves  the 
combination  of  2  long  polymer  chain  fragments,  is  possible  but 
probably  only  occurs  at  elevated  temperatures  where  there  is  greater 
chain  mobility.  The  grafting  experiments  of  Bro  et.  al.  (18)  and 
also  the  thermodynamic  analysis  of  Bryant  (5)  have  shown  the  validity 
of  Reaction  19.  Tetrafluoroethylene  monomer  may  be  produced  upon 
exposure  to  ionizing  radiation  via  the  following  reaction: 


--CF2  CF^  CF*— -CF*  +  CF^  *  CF^  (21) 

The  double  arrows  on  Reaction  21  indicate  chat  much  of  the  monomer 
almost  immediately  repolymerizes  but  some  may  remain  to  be  consumed 
via  Reaction  19.  The  chain  branches  produces  in  Reaction  19  may  lead 
to  some  degree  of  cross  linking  if  the  propagating  branch  chain  is 
terminated  via  recombination  with  a  secondary  free  radical  on  a 
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neighboring  polymer  chain. 

The  radiation-induced  decrease  in  melt  viscosity  is  some  10 
to  100  fold  less  when  the  irradiation  is  carried  out  in  an  inert 
atmosphere  or  vacuum.  (15)  Under  these  conditions  there  is  no  oxygen 
available  to  react  with  the  radiation-induced  free  radicals  so  that 
recombination,  branching,  and  crosslinking  reactions  become  more 
important  relative  to  the  number  of  chain  scissions.  That  there  are 
fewer  endgroups  formed  can  be  seen  from  the  infrared  results  ootained 
from  PTFE  irradiated  under  vacuum  (see  Figure  10) .  The  band  corres¬ 
ponding  to  the  acid  fluoride  endgroup  does  not  appear  but  the  branching 
or  crosslinking  absorptions  come  in  more  strongly  than  if  the  irrad¬ 
iation  was  done  in  the  presence  of  oxygen. 

Generally,  an  increase  in  the  n  value  for  a  polymer  melt 
indicates  not  only  that  the  flow  properties  are  closer  to  those  of  a 
Newtonian  fluid  but  also  a  narrowing  of  the  molecular  weight  distribu¬ 
tion.  It  is  postulated  that  the  increase  in  n  values  with  increasing 
dose  for  PTFE  is  caused  by  a  narrowing  of  the  molecular  weight  distri¬ 
bution  because  of  a  reduction  in  the  number  of  polymer  molecules  at 
the  high  end  of  the  molecular  weight  distribiition.  The  higher 
molecular  weight  molecules,  because  of  their  large  physical  size,  will 
suffer  more  chain  scissions  per  molecule  than  low  molecular  weight 
molecules  so  that  the  number  of  molecules  at  the  high  end  of  the 
molecular  weight  distribution  will  be  reduced.  It  is  these  long,  high 
molecular  weight  molecules  that  would  have  the  most  entanglements  and 
would  be  largely  responsible  for  deviations  from  Newtonian  flow 


behavior. 


59 


As  mentioned  above,  for  a  polydisperse  system,  the  number 
average  molecular  weight  is  given  by: 


1  S.M. 

x*l _ 

i-1  ^ 


(V.2.7) 


and  the  weight  average  molecular  weight  is  given  by: 


M  * 
w 


I  S.M? 

1  1 


i*l 


i-1  ^ 


(V.2.8) 


there  is  the  number  of  molecules  of  molecular  weight  in  a  sample 
of  known  mass.  The  polydispersity  is  the  ratio  of  the  weight  average 
to  the  number  average  molecular  weight  and  is  a  measure  of  the  width 
of  the  molecular  weight  distribution. 


r.  j-M  \  h 


4A  •  •• 

W  1*1 


i-1 


\  TsM  I  NM 

i«i  ^  ^  i=i 


(V,2.9) 


The  polydispersity  is  always  greater  than  one  except  for  a  monodisperse 
system  where  it  equals  one.  To  show  that  the  preferential  scissioning 
of  the  high  molecular  weight  chains  results  in  a  narrowing  of  the 
molecular  weight  distribution  (reduction  in  the  polydispersity)  two 
cases  are  considered:  1)  chain  scissioning  is  independent  of  molecular 
weight,  and  2)  chain  scissioning  depends  on  the  molecular  weight  to  the 


first  order,  (42) 
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Because  one  sums  overall  molecular  weight  fractions.  Equation  V, 2. 14 
indicates  that  the  polydispersity  does  not  change  when  chain  scission 
is  independent  of  molecular  weight. 

For  case  2  the  following  relations  are  true: 


and 


-i  • 


i 


(V.2.15) 


(V.2.16) 


where  is  a  constant. 

Equation  V.2.15  says  that  the  number  of  chain  scissions  (n^) 
occurring  in  all  polymer  molecules  of  molecular  weight  depends 
upon  to  the  first  order.  Substituting  Equations  V.2.15  and  V.2.16 
into  Equations  V.2.7  and  V.2.8  yields: 


1  ^  ^ 


n  “  n 


y  -i. 
i-i  V-^i 


and 


“  n. 

I 


1-1  ^2^1  ‘“^2^ 


w  «  n 


The  polydispersity  now  becomes: 


»  1 


(V.2.17) 


(V.2.18) 


(V.2.19) 


Final 
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This  shows  that  when  the  number  of  chain  scissions  per  molecule  in  a 
p6lyTner  fraction  of  molecular  weight  depends  on  Ih  then  the  poly- 
dispersity  narrows  dramatically  from  its  initial  value  down  to  that 
corresponding  to  a  monodisperse  distribution. 

The  data  in  Table  2  indicates  qualitatively  that  there  is 
narrowing  of  the  moecular  weight  distribution  because  n  increases 
with  dose.  Thus  there  would  seem  to  be  some  dependence  of  the  number 
of  chain  scissions  per  molecule  on  the  molecular  weight  of  that 
molecule.  The  dependence  of  the  number  of  chain  scissions  per  molecule 
on  the  molecular  weight  lies  somewhere  between  cases  1  and  2. 

Physically,  the  dependence  of  the  number  of  chain  scissions 
n. 

per  polymer  molecule  (^)  of  molecular  weight  fraction  on  may  be 
explained  in  terms  of  the  size  of  the  molecule.  The  higher  molecular 
weight  molecules  are  larger  than  the  molecules  of  lower  molecular 
weight  and  therefore,  assuming  the  radiation-induced  free  radicals  are 
created  uniformly  throughout  the  polymer  matrix,  would  undergo  more 
chain  scissions. 

Data  for  apparent  viscosity  vs.  dose  at  shear  rates  of  40.4 
and  0.404  sec"^  for  the  PTFE  sheet  are  plotted  in  Figures  36  and  37 
respectively.  In  Figure  36  as  in  Figures  34  and  35,  there  is  a  small 
increase  in  viscosity  then  a  large  drop.  The  increase  in  viscosity  in 
Figure  23,  35  and  36  is  caused  by  the  branching  and  crosslinking 
reactions  mentioned  above.  The  decrease  in  viscosity  of  PTFE  sheet 
with  dose  up  to  50  MRads  at  the  low  shear  rate  of  0.404  sec  ^  is 
shown  in  Figure  37,  This  plot  can  be  fitted  to  an  equation  of  the 


form. 
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n  -  2.52  X  10^  exp  [-0.0564  (Dose)]  (V.2.20) 

3 

where  n  is  the  apparent  viscosity  in  poise  and  the  dose  is  in 
megarads . 

Figures  34  and  35  show  apparent  melt  viscosity  vs.  dose  for 
PTFE  resins  6  and  7A  at  shear  rates  of  0.404  and  4.04  sec  ^  respec¬ 
tively.  These  figures  show  clearly  the  increase  in  viscosity  between 
2.5  and  5  MRads,  and  as  mentioned  above  this  increase  in  viscosity 
could  be  caused  by  the  chain  branching  reaction  (Reaction  19).  It 
is  interesting  to  note  in  Figure  34  that  the  viscosity  of  resin  6 
at  5  MRads  is  double  valued.  This  double  valued  viscosity  was  caused 
by  severe  stick-slip  of  the  polymer  melt  at  the  capillary  wall  as  it 
was  being  extruded. 

In  Figure  38  are  shown  photographic  enlargements  of  the 
extrudate  of  PTFE  resin  6  irradiated  to  2.5  and  5  MRads  as  it  emerged 
from  the  capillary  at  apparent  shear  rates  of  0.404  and  13.46  sec 
Also  indicated  are  the  die  swell  measurements.  The  2.5  MRad  extrudate 

at  Y  *  0.404  sec“^  shows  slight  surface  irregularity  in  the  form  of 

^  .  .1 
ripples.  The  5  MRad  extrudate  at  *  0.404  sec  corresponds  to  the 

double  valued  viscosity  indicated  in  Figure  34  and  is  characteristic 

of  the  type  of  extrudate  produced  by  severe  stick-slip  behavior.  The 

portion  of  extrudate  to  the  left  of  the  arrow  exhibits  a  very  fine 

surface  roughness  and  corresponds  to  the  condition  in  which  the  polymer 

melt  was  slipping  through  the  capillary  at  a  higher  shear  rate  than 

the  low  shear  rate  portion  of  the  extrudate  to  the  right  of  the  arrow. 

The  smooth  portion  of  the  extrudate,  instead  of  emerging  from  the 

capillary  in  a  straight  thread  tended  to  become  twisted  as  it  cooled. 
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This  effect  is  shown  in  Figure  40.  Again,  during  the  extrusion  of 

the  sample  shown  in  Figure  40  stick-slip  behavior  was  observed. 

Referring  again  to  Figure  38,  the  higher  shear  rate  extrudate  shows  a 

more  severe  melt  fracture  than  the  lower  shear  rate  extrudate.  The 

2.5  MRad  sample  exhibits  surface  ripples  and  the  5  MRad  sample  shows 

some  screw  dislocation  behavior. 

Figure  39  shows  extrudate  samples  of  PTFE  resin  7A  irradiated 

CO  2.5  and  5  MRads  and  extruded  at  shear  rates  of  4.04  and  13.46  cm  . 

At  Y  *  4.04  sec"^  the  2.5  MRad  samples  indicate  some  surface  ripples, 
a 

The  5  MRad  extrudate  is  very  smooth  but  is  somewhat  twisted.  -At 

Y  »  13.46  sec’^  the  2.5  MRad  extrudate  again  shows  surface  ripples 
a 

and  the  5  :iRad  sample  exhibits  screw  dislocations.  Figure  41  shows  a 
sample  of  the  extrudate  of  PTFE  resin  7A  irradiated  to  5  MRads  and 
extruded  at  a  shear  rate  of  2.02  sec  A  high  degree  of  screw  dis¬ 
location  behavior  is  apparent.  In  ail  the  samples  of  Figures  38  and  41 
Che  die  swell  increases  in  going  from  2.5  to  5.0  MRads. 

Samples  of  PTFE  measured  at  shear  rates  of  40.37  and  134.6 
showed  severe  melt  fracture  at  all  dose  levels  investigates  in 
this  work. 

In  general,  the  deviating  shapes  of  polymer  extrudates  have 

been  attributed  to  non-Newtonian  elastic  response  of  the  polymer  melts 

after  being  forced  through  a  capillary.  (30)  The  deviation  in  the 

shape  of  the  extrudate  thread  begins  after  a  certain  critical  shear 

6  2 

stress  is  exceeded,  usually  about  2x10  dynes/cm  .  (31)  Birefringence 
studies  have  shown  that  the  first  departure  from  smooth  laminar  flow 
occurs  within  the  capillary.  Presumably,  this  first  departure  from 
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smooth  laminar  flow  results  in  the  ripple  type  of  surface  roughness 
observed  in  the  PTFE  extrudates  mentioned  above.  At  a  somewhat  higher 
shear  stress  stick-slip  behavior  occurs  at  the  capillary  wall.  (32) 
Examples  of  this  type  of  extrudate  behavior  are  shown  in  Figure  38 
and  39.  It  has  been  shown  by  photographic  techniques  that,  at  a  still 
higher  shear  stress,  fracturing,  or  breaking,  of  the  elastically 
deformed  flowing  polymer  stream  occurs  at  the  capillary  entrance.  This 
is  the  cause  of  the  large  scale  melt  fracture  observed  in  PTFE 
extruded  at  shear  rates  of  40.37  and  134.6  sec  .  (33,34) 

The  observed  twisting  of  the  extrudate  thread  (see  Figure  42) 
may  be  explained  on  the  basis  of  elastic  response  of  the  melt  as  it 
leaves  the  capillary.  The  thin  layer  of  polymer  melt  just  adjacent  to 
the  capillary  wall  experiences  a  higher  velocity  gradient  as  it  flows 
through  Che  capillary  than  do  the  layers  of  polymer  melt  further  from 
the  wall.  A  relatively  large  amount  of  elastic  energy  is  stored  in 
this  outer  layer  because  of  this  high  velocity  gradient.  This  system 
is  unstable  and,  upon  emerging  from  the  capillary,  the  outer  layer 
contracts  more  than  Che  inner  layers  causing  the  polymer  thread  to 
become  twisted.  (35)  This  may  also  explain  why  some  of  the  observed 

swell  values  are  less  than  unity. 

Figure  42  shows  the  effect  of  capillary  temperature  on  the 
apparent  melt  viscosity  of  PTFE  resin  7A  irradiated  to  25  MRads. 

Also  shown  in  this  figure  are  plots  of  log  apparent  viscosity  (n^) > 
vs.  log  apparent  shear  rate  (y^) ,  for  PTFE  resin  7A  irradiated  to 
doses  of  10  and  25  MRads  and  measured  at  a  capillary  temperature  of 
380°C.  The  log  apparent  viscosity  of  PTFE  resin  6  irradiated  to  a 
dose  of  25  MRads  and  measured  at  a  capillary  temperature  of  380°C  is 
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also  plotted  on  Figure  46  at  an  apparent  shear  rate  of  20.2  sec 
As  expected,  the  viscosity  decreases  as  the  capillary  temperature 
increases  at  all  shear  rates  measured.  There  is  a  large  decrease  in 
viscosity  between  10  and  25  MRads  when  the  viscosity  is  measured  at 
380°C  and  as  stated  earlier  can  be  attributed  to  radiation-induced 
chain  scissions  resulting  in  a  lowering  of  the  molecular  weight. 

Only  one  data  point  for  resin  6  was  obtained  (see  Figure  47) 
because  of  a  large  number  of  bubbles  in  the  polymer  melt  which  made 
the  acqxiisition  of  reliable  data  very  difficult.  This  problem  of 
bubble  formation  in  the  polymer  melt  stream  was  particularly  severe 
at  doses  greater  than  10  MRads.  Viscosity  measurements  were  attempted 
for  PTFE  irradiated  to  50  MRads  but,  because  of  the  formation  of  a 
large  number  of  bubbles  in  the  polymer  melt,  consistent  data  could 
not  be  obtained.  These  bubbles  are  caused  by  pyrolysis  within  the 
viscometer  barrel  of  the  irradiated  polymer.  The  number  of  bubbles 
formed  increases  with  increasing  radiation  dose.  The  bubbles  consist 
of  CO^.  CF^O,  and  gases  as  determined  by  infrared  analysis.  (20) 

Finally,  Figure  43  shows  the  effect  of  differing  pre¬ 
irradiation  crystallinity  on  the  apparent  viscosity  of  PTFE  resin  6 
irradiated  to  10.8  MRads.  Before  irradiation,  the  sample  material 
was  melted  and  held  at  380  C  for  15  minutes.  Some  of  the  material 
was  cooled  from  the  melt  very  slowly  (yielding  a  more  crystalline 
sample)  while  the  rest  of  the  material  was  quenched  from  380®C  in 
cold  water  (yielding  a  sample  of  lower  crystallinity).  The  slow- 
cooled  sample  had  a  density  of  2.26  g/cc  while  the  density  of  the 
quenched  sample  was  2.13  g/cc.  As  can  be  seen  from  Figure  43,  the 
sample  of  higher  crystallinity  had  a  higher  viscosity  at  each  of  the 
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three  shear  rates  measured.  Also,  the  effect  of  storage  time  in  the 
rheometer  barrel  at  380°C  on  viscosity  is  shown. 

The  lower  viscosity  for  the  sample  of  lower  crystallinity 
can  be  explained  by  realizing  that  most  of  the  chain  scission  reactions 
mentioned  in  Section  V.l.  involved  oxygen.  In  the  sample  of  low 
crystallinity  a  greater  amount  of  polymer  material  is  able  to  react 
with  oxygen.  Oxygen  molecules  are  unable  to  diffuse  into  the  tightly 
packed  crystalline  phase  so  that  oxygen-related  scission  reactions 
will  not  occur  in  the  crystalline  phase.  Thus,  because  more  material 
is  available  to  react  with  oxygen  in  the  sample  of  low  crystallinity, 
TDore  chain  scission  reactions  will  occur  in  this  sample  resulting  in 
a  lower  molecular  weight  than  in  the  highly  crystalline  material,  A 
lower  molecular  weight  means  a  lower  viscosity  and  this  is  what  ^s 
observed  (Figure  43).  That  more  oxygen  related  endgroups  are  formed 
in  a  sample  of  low  crystallinity  than  in  a  highly  crystalline  sample 
is  shown  by  the  infrared  results  given  in  Figure  22.  The  acid  fluoride 
endgroup  absorption  band  appears  much  more  strongly  in  the  low  crystal¬ 
line  material. 

Plotted  in  Figure  43  is  the  apparent  viscosity  vs.  storage 
time  at  380°C  in  the  rheometer  capillary.  The  decrease  in  viscosity 
with  storage  time  can  be  explained  by  two  mechanisms.  First,  storage 
at  high  temperature  may  cause  residual  unreacted  free  radicals  to 
react  causing  further  chain  scissions.  Second,  after  storage  at  380®C 
for  extended  periods  of  time  some  thermal  degradation  occurs.  Some  of 
the  sample  material  which  had  been  stored  the  longest  began  to  show 
discoloration  (turning  from  white  to  a  yellow-brown  hue)  indicative 
of  thermal  degradation. 
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In  sximmary,  exposure  of  PIPE  to  ionizing  radiation  causes 
a  decrease  in  viscosity  due  to  chain  scission.  There  is  a  slight 
increase  in  viscosity  between  2.5  and  5  MRads  for  FIFE  resins  6,  6C, 
and  7A  probably  caused  by  branching  and  crosslinking  reactions  in 
the  crystalline  region  of  the  polymer.  The  flow  index  values  increase 
at  doses  greater  than  5  MRads  indicating  that  the  flow  properties  are 
closer  to  those  of  a  Newtonian  fluid.  It  is  concluded  that  the  approach 
to  Newtonian  flow  properties  is  caused  chiefly  by  a  reduction  in  the 
number  of  molecules  at  the  high  end  of  the  molecular  weight  distribu¬ 
tion.  Departure  from  purely  viscose  flow  is  shown  by  the  deviating 
shapes  of  the  PTFE  extrudate  and  is  caused  by  radiation- induced  chain 
branching  and  crosslinking  reactions  and  also  chain  entanglements. 

The  viscosity  of  a  sample  of  PTFE  irradiated  to  a  given  dose  depends 
on  its  pre- irradiation  crystalline  content,  a  sample  of  low  crystallin¬ 
ity  will  yield  a  lower  viscosity  than  a  high  crystallinity  sample 
irradiated  to  the  same  dose. 

V. 3.  Discussion  of  Density  Results 

Referring  to  Figure  44  the  decrease  in  density  at  high  radia¬ 
tion  doses  may  be  caused  by  the  formation  of  a  high  concentration  of 
defects  within  the  crystalline  region.  The  rate  of  formation  of  the 
crystalline  defects  with  dose  will  initially  be  much  less  than  the 
chain  scission  and  crystallization  of  initially  amorphous  material 
because  of  the  lack  of  oxygen  in  the  crystalline  region.  As  mentioned 
earlier,  oxygen  acts  to  scavenge  radiation-produced  free  radicals 
yielding  stable  endgroups  and  a  lowering  of  the  molecular  weight.  In 
the  absence  of  oxygen  the  recombination  reactions  are  important. 
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especially  in  Che  crystalline  region,  where  the  mobility  of  the  primary 
free  radicals  is  limited  by  the  cage  effect.  The  secondary  free  radi¬ 
cals  may  remain  unreacted  or  react  to  form  branches  or  crosslinks.  The 
branching  and  crosslinking  reactions  would  not  be  very  common  at  room 
temperature  because  of  the  lack  of  chain  mobility.  Also  the  formation 
of  olefin  endgroups  from  primary  free  radicals  occurs  to  some  degree. 

As  the  amorphous  content  is  depleted  by  further  crystallization  brought 
about  by  radiation- induced  chain  scission,  defect  formation  in  the 
crystalline  region  becomes  more  important  relative  to  the  crystalliza¬ 
tion  reaction.  Finally,  at  a  high  enough  dose,  the  rate  of  crystalline 
defect  formation  exceeds  that  of  the  crystallization  reaction  and, 
because  the  defects  appear  amorphous  in  character  to  a  density  measure¬ 
ment,  the  density  decreases  with  dose. 

Figure  45  shows  the  effect  post-irradiation  annealing  at  300°C 
has  on  a  sample  of  PTFE  irradiated  to  10  MRads.  These  data  show  that 
radiation  plus  post-irradiation  annealing  is  necessary  to  achieve  a 
large  increase  in  density  or  crystallinity.  Annealing  alone  for  18 
hours  at  300°C  resulted  in  only  a  small  density  increase  as  is  evident 
in  Figure  45.  The  radiation  acts  to  lower  the  average  molecular 
weight  and  the  post-irradiation  heat  treatment  provides  the  activa¬ 
tion  energy  necessary  for  crystallization  to  occur.  The  lower  molec¬ 
ular  weight  post-irradiation  molecules  present  after  irradiation  are 
able  to  crystallize  more  readily  because  the  smaller  molecules  are 
more  mobile  and  have  fewer  chain  entanglements  per  molecule.  Also, 
the  increase  in  density  is  essentially  complete  after  only  about  30 
minutes  post-irradiation  annealing  time. 

Figures  46  and  47  are  plots  of  density  vs.  post-irradiation 
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annealing  time  at  200  and  300°C,  respectively,  for  samples  of  PTFE 
sheet  irradiated  to  the  various  doses  indicated.  The  degree  of 
increase  in  density  is  greater  for  an  annealing  temperature  of  300°C 
than  at  200°C  for  all  doses  indicated  (compare  Figures  46  and  47). 

The  higher  temperature  imparts  a  greater  mobility  to  the  molecules  and 
hence  more  crystallization  occurs.  It  is  interesting  to  note  that  the 
density,  after  3  hours  post-irradiation  annealing  at  200  and  300°C, 
for  both  the  10  and  50  MRad  samples  yielded  very  close  to  the  same 
density  even  though  the  density  of  the  10  MRad  sample  was  considerably 
below  that  of  the  50  MRad  sample  at  zero  post-irradiation  annealing 
time.  At  both  these  temperatures  the  10  ^!Rad  sample,  the  molecules  of 
which  have,  on  the  average,  a  higher  molecular  weight  because  of  lower 
dose,  possess  enough  thermal  energy  to  crystallize  to  approximately 
Che  same  degree  as  those  of  the  50  MRad  sample.  Figure  47  shows  chat 
after  3  hours  at  300°C  the  100  MRad  sample  has  a  smaller  density  than 
both  the  10  and  50  MRad  samples  indicating  that  the  defects  formed 
(for  100  MRad  dose)  in  the  crystalline  region  are  not  removed  by  this 
annealing  process. 

Figure  48  combines  density  data  with  the  infrared  measurement 
of  the  absorbance  at  775  cm'^  which  is  indicative  of  the  amorphous 
content.  The  line  drawn  in  the  figure  is  a  linear  least  squares  fit 
to  the  data  points  indicated  by  0.  This  line  is  represented  by  the 
equation 

p(g/cc)  -  -  0.2594  A  +  2.297  (V.3.1) 

where  p  is  the  density  and  A  the  absorbance  at  775  cm  This  equation, 
at  zero  absorbance  (100%  crystallinity)  yields  a  density  value  of 
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2.297  g/cc  which  is  in  very  good  agreement  with  the  100%  crystalline 
density  2.301  g/cc  obtained  by  Ruland  (30)  from  x-ray  measurements. 

The  single  datum  corresponding  to  the  50  MRad  irradiation  indicated 
by  Q'  deviates  from  the  straight  line  derived  above.  This  deviation 
nay  be  because  the  density  responds  to  defects  in  the  crystalline  phase 
introduced  upon  irradiation  as  if  they  were  amorphous  in  character  but 
the  conformations  characteristic  of  these  defects  may  not  be  the  same 
as  those  in  the  amorphous  region  which  cause  the  absorption  band  at 
775  cm“^.  At  a  dose  of  50  MRads,  where  the  number  of  these  defects 
becomes  appreciable,  one  would  expect  the  data  to  deviate  to  tne 
small  absorbance  side  of  the  straight  line  because  the  infrared 
measurement  would  not  respond  to  these  defects.  The  data  point  at  an 
absorbance  of  0.0665  is  from  a  sample  which  was  irradiated  to  10  MRads 
and  then  annealed  for  26  hours  at  295°C.  This  point  is  seen  to  lie  on 
the  line  formed  from  data  points  taken  using  samples  which  had  no 
post-irradiation  heat  treatment.  As  far  as  these  measurements  indicate 
post-irradiation  heat  treatment  does  not  introduce  any  new  crystalliza¬ 
tion  process  different  from  just  radiation-induced  crystallization,  but 
merely  acts  as  a  means  of  giving  the  polymer  molecules  enough  mobility 
so  that  they  are  able  to  crystallize. 

V.4.  Discussion  of  X-Ray  Dir  traction  Results 

Tabulated  below  are  quantitative  results  of  mass  fraction 
crystallinity  (aj  calculations  using  the  calibration  equations  of 
Ruland  (30)  and  of  Hilian  and  Henckel  (39,40)  given  by  equations 
V.4.1  and  V.4.2  respectively. 


72 


Ruland : 

3r 

c 


100 

“m* — a 

C 


(V.4.1) 


Kilian  and  Jenckel: 

I 

“■  ■  \ 

K  •  1.00  (V.4.2) 

The  symbols  and  are  the  crystalline  and  amorphous  scattering 

areas  of  the  x-ray  diffraction  patterns  given  in  Section  IV. 4.  Also 

given  in  the  table  below  are  crystallinities  calculated  on  the  basis 
of  density  measurements  using  equation  2  (Section  III. 3.). 


Sample  o  (Ruland)  a^(Kilian  and  Jenckel)  a^(density) 
*  tn _ ■ 


0  MRads 

66 

54 

61 

10  tlRads 

75 

63 

75 

10  MRads 

91 

84 

94 

Annealed  Ih 

10m  at  298  C 

In  conclusion,  even  though  there  is  a  disparity  in  the  crystallinity 
values  they  all  show  the  trend  of  increasing  crystallinity  upon 
irradiation  and  a  further  increase  after  post-irradiation  annealing. 
This  agrees  with  the  density,  infrared  and,  as  shown  in  Section  V.o. 
the  differential  scanning  calorimetry  results.  The  dirferences  in 
crystallinity  values  between  the  calibration  of  Ruland  and  Kilian 


and  Jenckel  are,  most  likely,  from  uncertainity  in  the  separation  of 
the  crystalline  and  amorphous  scattering  areas.  One  would  not 
necessarily  expect  x-ray  and  density  crystallinity  values  to  agree 
because  they  each  measure  a  different  moment  of  the  crystalline  order 
distribution. 

V. 5.  Discussion  of  DSC  Results 

From  Table  3  it  can  be  seen  that  the  heat  of  fusion  increases 
rapidly  after  exposure  to  low  doses  of  radiation  for  all  samples.  The 
heat  of  fusion  follows  the  same  trend  as  the  radiation- induced  increase 
in  crystallinity  indicated  by  density  measurements  (Figure  44).  An 
Increase  in  is  to  be  expected  because  a  more  highly  crystalline 
sample  will  have  a  greater  The  lower  AH.  (lower  crystallinity) 

for  all  the  2nd  heating  samples  is  caused  by  the  rapid  cooling  from 
the  melt  after  the  initial  measurement. 

The  melting  temperature  of  the  PTFE  sheet  is  seen  to  decrease 
with  irradiation  after  exposure  to  at  least  1  MRad.  This  decrease  in 
melting  temperature  is  attributed  to  the  presence  of  a  large  number  of 
defects  formed  within  the  crystalline  region  after  irradiation.  These 
defects  raise  the  free  energy  of  the  crystal  thereby  lowering  the  melt¬ 
ing  temperature  (T^)  Also  the  decrease  in  T^  may  be  partially  caused 
by  a  decrease  in  superheating  at  higher  doses  because  radiation- induced 
chain  scissions  result  in  a  lowering  of  the  molecular  weight.  For  the 
quenched  PTFE  samples  there  is  an  increase  in  T^  after  a  dose  of  1  MRad. 
The  unirradiated  quenched  samples  consist  of  a  very  high  amorphous 
content  and  very  badly  formed  non-equilibrium  crystals.  Exposure  to 
radiation  will  cause  chain  scissions  thereby  relieving  residual  stress 
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present  in  the  badly  formed  crystals.  Relief  of  these  residual  internal 

stresses  will  cause  increased  molecular  mobility  allowing  the  molecules 

to  better  order  themselves  forming  a  crystal  closer  to  equilibrium  with 

a  higher  T  .  The  previous  DSC  work  of  Kusy  and  Turner  (32)  also  shows 

an  increase  in  T  with  increasing  dose  up  to  about  3  MRads  for  samples 
m 

of  PTFE  resin  6  quenched  from  the  melt.  These  same  workers  have  shown 

that  T  decreases  monotonically  with  dose  for  well  crystallized  samples 
m 

for  PTFE  resin  6.  This  result  supports  the  assertion  that  upon  irradi¬ 
ation  better  crystals,  with  a  higher  T^,  are  formed  from  the  initally 
poor  crystals  in  the  quenched  samples  because  of  increased  molecular 
mobility,  while  for  an  initially  well  crystallized  sample  the  decrease 
in  T  is  caused  by  radiation- induced  defects  in  the  crystalline 
Toacerial. 

As  mentioned  in  Section  II. 2.,  PTFE  exhibits  two  low  tempera¬ 
ture  transitions  at  about  19  and  30°C.  Both  of  these  transitions  are 
caused  by  changes  in  the  chain  conformation  and  unit  cell  structure 
in  the  crystalline  phase.  Both  of  these  transitions  are  indicated  by 
vertical  arrows  in  Figure  52.  In  this  figure  the  two  transitions  are 
seen  to  occur  at  about  302°K  (29°C)  and  312°K  (39‘’c).  The  higher 
temperature  measured  for  these  transitions  are  caused  by  superheating 
effect.  The  heat  of  transition  (AH^)  values  listed  in  Table  3  are 
the  composite  changes  in  enthalpy  of  both  these  transitions. 

Because  these  transitions  involve  only  molecules  in  the 
crystalline  phase  one  would  expect  that  the  value  of  AH^  would  depend 
on  the  crystalline  content,  as  indicated  by  the  heat  of  fusion  (AH^). 
The  dependence  of  AH^  on  AH^  can  be  seen  by  comparing  the  AH^  values 
(see  Tab.le  3)  of  samples  6  and  6Q  and  also  6C  and  6CQ.  An  examine- 
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tion  of  the  1st  heat  values  of  AH^  vs.  dose  reveals  that  there  is  no 
systematic  change  in  this  quantity  with  dose  up  to  25  MRads.  At 
150  MRads  has  decreased  from  1.70  cal/g  to  1.18  cal/g.  This 
decrease  is  somewhat  surprising  because  according  to  the  AH^  values, 
the  crystalline  content  increases  with  irradiation.  Also  the  ratio 
of  heat  of  fusion  to  heat  of  transition  (last  column  in  Table  3) 
increases  with  crystallinity  for  the  first  heating  measurements  show¬ 
ing  that  the  crystal  structure  responsible  for  the  composite  transition 
at  302°K  and  312°K  is  not  present  in  the  material  which  has  been 
crystallized  from  initially  amorphous  material  after  exposure  to  radia¬ 
tion.  The  values  of  the  ratio  of  heat  of  fusion  to  heat  of  transition 
for  the  second  heating  measurements  show  a  much  smaller  change  with 
increasing  crystallinity  (increasing  AH^)  than  the  values  of  this 
ratio  for  the  first  heating  measurements.  This  indicates  that  the 
crystal  structures  which  give  rise  to  the  heat  of  transition  are 
present  to  a  much  greater  extent  in  the  irradiated  material  which 
has  been  melted  and  then  recrystallized  from  the  melt.  The  decrease 
in  the  ratio  between  first  and  second  heatings  for  the  1  MRad 

and  25  MRad  samples  also  shows  that  there  is  a  change  in  the  nature  of 
the  crystal  sturcture  when  the  irradiated  material  is  heated  above  T^ 

and  then  recrystallized  from  the  melt. 

An  increase  in  the  ratio  of  heat  of  fusion  to  heat  of  transi¬ 
tion  for  first  heating  measurements  is  also  shown  by  PTFE  resin  6 
which  had  been  rapidly  quenched  from  the  melt  prior  to  irradiation 
(see  Table  3). 

Upon  quenching  from  the  melt  the  heat  of  fusion  drops  from 
16.75  cal/g  to  6.11  cal/g  while  the  heat  of  transition  decreases  from 
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2.43  cal/g  to  1.24  cal/g.  After  irradiation  of  the  quenched  sample  to 
1  MRad  the  AH^  value  increases  to  13.06  cal/g,  an  increase  by  about 
a  factor  of  2  over  its  pre-irradiation  value  and  73%  of  the  AH^  of  the 
virgin  resin.  The  corresponding  change  in  AH^  after  a  1  MRad  irradia¬ 
tion  is  from  1.24  cal/g  to  1.39  cal/g,  an  increase  of  only  12%  over 
the  pre-irradiation  value  and  only  57%  of  the  AH^  value  of  the  virgin 
resin.  Thus,  the  irradiation-induced  increase  in  crystallinity  as 
measured  by  AH^  is  not  accompanied  by  a  corresponding  increase  in  AH^. 
Also  the  work  of  Pinkerton  and  Thompson  (33)  using  scanning  electron 
microscopy  to  study  fracture  surfaces  of  irradiated  PTFE  show  that 
fracture  surfaces  of  samples  the  crystallinity  of  which  has  been 
increased  by  irradiation  exhibit  a  different  appearance  from  fracture 
surfaces  crystallized  from  the  melt. 

It  is  interesting  to  compare  the  melting  endotherms  in 
Figure  53  with  the  x-ray  diffraction  pattern  of  PTFE  irradiated  to 
10  MRads  then  annealed  at  296*^C  for  1  hour  and  10  minutes  (Figure  51) . 
As  mentioned  in  Section  V.4.  the  crystallinity  of  this  sample  increased 
from  75%  to  94%  as  determined  by  density  measurements  and  the  full 
width  at  half  maximum  (FWHM)  of  the  crystalline  peak  at  a  value  of  29 
of  18.3°  increased  from  0.50°  to  0.65°  after  irradiation  and  annealing. 
The  increase  in  FWHM  indicates  disorder  in  the  crystal  structure.  (34) 
The  disorder  is  caused  by  the  crystallization  of  initially  amorphous 
material  as  a  result  of  the  radiation  plus  annealing  process.  If 
radiation- induced  crystallization  results  in  less  perfect  crystals, 
different  in  nature  from  crystals  formed  from  the  melt  one  would 
expect  to  see  a  low  temperature  shoulder  on  the  heat  of  fusion  endo- 
therm  caused  by  the  melting  of  these  less  perfect  crystals.  The 
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appearance  of  a  low  temperature  shoulder  on  the  melting  endotherms 
of  irradiated  FIFE  sheet  is  shown  in  Figure  53.  A  low  temperature 
inflection  on  the  melting  endotherm  is  present  in  the  25  MRad  irradia¬ 
tion  and  becomes  quite  pronounced  for  the  sample  irradiated  to  150  MRads. 

In  summary,  the  DSC  results  correlate  very  well  with  the 
Infrared,  density,  and  x-ray  diffraction  results  which  all  indicate  an 
increase  in  crystallinity  occurs  upon  irradiation  and  that  a  further 
increase  in  crystallinity  results  after  post-irradiation  annealing. 

The  DSC  and  x-ray  results  show  that  the  crystals  formed  after  exposure 
to  radiation  are  of  a  different  and  less  perfect  nature  than  crystals 


formed  from  the  melt. 
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Part  VI 

Summary  and  Conclusions 

The  dominant  effect  of  ionizing  radiation  on  PIPE  is 
molecular  weight  degradation  caused  by  polymer  chain  scission. 

Radiation- induced  primary  and  secondary  free  radicals  are  produced 
which  can  react  with  oxygen  and  water  vapor  to  form  stable  endgroups 
(acid  fluoride  and  carboxyl  groups)  resulting  in  a  lowering  of  the 
molecular  weight.  Formation  of  olefin  endgroups  occurs  to  some 
degree,  probably  in  the  crystalline  phase  where  there  is  no  oxygen 
available  to  form  acid  fluoride  endgroups.  Evidence  of  molecular 
weight  degradation  comes  from  the  dramatic  decrease  in  melt  viscosity 
of  the  irradiated  material.  Also  the  observed  increase  in  the  flow 
index  numbers  (Table  2)  indicates  that  irradiated  PTFE  behaves  like 
a  low  molecular  weight  Newtonian  fluid.  The  data  indicate  that  the 
number  of  molecules  at  the  high  molecular  weight  end  of  the  molecular 
weight  distribution  is  reduced  resulting  in  a  narrowing  of  the  distri¬ 
bution. 

Radiation-induced  chain  scission,  by  creating  shorter  polymer 
chains,  reduces  the  number  of  entanglements  per  molecule  which  in  turn 
increases  molecular  mobility.  Also,  chain  scission  can  act  to  relieve 
intramolecular  stresses  of  molecules  or  portions  of  molecules  in  the 
amorphous  phase  of  the  polymer  matrix,  thus  increasing  chain  mobil¬ 
ity.  The  increase  in  mobility  causes  the  polymer  molecules  in  the 
amorphous  phase  to  crystallize  upon  irradiation.  An  increase  in 
crystalline  content  upon  irradiation  of  PTFE  is  indicated  by  increases 
in  density  and  heat  of  fusion,  the  reduction  in  intensity  of  absorption 
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bands  in  the  infrared  spectrum  caused  by  conformations  in  the  amorphous 
phase  (bands  at  775,  375  and  270  and  an  increase  in  intensity  of 

the  absorption  band  at  286  cm  ^  caused  by  crystalline  chain  folding  and 
also  an  increase  in  area  relative  to  the  total  area,  of  the  crystalline 
peak  In  the  x-ray  diffraction  intensity  distribution. 

Post-irradiation  annealing  below  causes  a  further  increase 
in  crystallinity  by  increasing  chain  mobility,  a  process  that  is 
thermally  activated  as  can  be  seen  from  the  density  results  in  Figures 
46  and  47  which  show  that  the  degree  of  increase  in  crystallinity 
depends  upon  the  annealing  temperature.  The  crystallinity  also 
increases  as  a  function  of  radiation  dose  up  to  approximately  50  MRads 
and  then  decreases  with  dose  (Figure  44) .  This  conclusion  is  based 
on  the  fact  that  there  are  two  competing  processes  occurring  when 
PTFE  is  irradiated.  One  is  the  above  mentioned  crystallization  of 
molecules  (or  portions  of  molecules)  initially  in  the  amorphous  phase. 
The  other  process  is  the  introduction  of  defects  in  the  crystalline 
phase  (branches,  crosslinks,  chain  ends,  etc.)  which  responds  to  a 
density  measurement  as  amorphous  material.  The  retardation  of  the 
rate  of  crystallization  of  initially  amorphous  material  due  to  deple¬ 
tion  of  the  amorphous  material  coupled  with  the  steady  increase  in  the 
crystalline  defect  concentration  causes  the  density  to  decrease  as  a 
function  of  dose  after  a  certain  critical  dose. 

The  heat  of  transition  results  presented  in  Table  3,  the 
DSC  plots  shown  in  Figure  53  and  the  increase  in  the  full  width  at 
half  maximum  of  the  crystalline  peak  in  the  x-ray  diffraction  inten¬ 
sity  distribution  shown  in  Figure  51  all  lead  to  the  conclusion  that 
the  crystals  formed  via  irradiation  are  less  perfect,  further  from 
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equilibrium,  than  melt  crystallized  material.  The  decrease  in  the 
ratio  AHg/iilLj,  between  first  and  second  heats  in  Table  3  show  that 
there  is  a  change  in  the  nature  of  the  crystal  structure  when  the 
irradiated  material  is  heated  above  T^,  recrystallized  and  then 
heated  again.  Also,  comparison  of  the  first  heat  values  for  of 
the  irradiated  material  to  that  of  the  unirradiated  material  shows 
that  there  is  little  change  in  AH^  although  the  increase  in  AH^ 
values  indicates  that  the  crystalline  content  increases  significantly. 
Thus  the  crystal  structure  responsible  for  the  low  temperature  transi¬ 
tions  is  not  present  in  the  crystals  formed  after  irradiation.  The 
heat  of  fusion  endotherms  plotted  in  Figure  53  show  that,  upon  irrad¬ 
iation,  a  low  temperature  shoulder  appears  with  the  melting  peak,  and 
it  is  concluded  that  this  shoulder  is  caused  by  the  melting  of  the  less 
perfect  crystals  produced  upon  irradiation.  The  melting  peak  of  the 
150  MRad  irradiation  (Figure  53)  occurs  at  a  lower  temperature  than 
the  0  MRad  or  the  25  MRad  peaks  and  may  be  in  part  because  of  an 
accumulation  of  radiation-produced  defects  in  the  initially  crystalline 
region,  raising  the  free  energy  of  the  crystals  thereby  lowering  T^. 

A  reduction  in  the  superheating  effect  because  of  the  relatively  low 
molecular  weight  of  the  150  MRad  sample  would  also  cause  the  apparent 

melting  temperature  to  decrease. 

It  is  concluded  that  most  of  the  molecular  weight  degrada¬ 
tion  and  endgroup  formation  reactions  occur  in  the  amorphous  phase, 
as  evidenced  by  examining  the  relative  amount  of  endgroup  formation 
of  samples  of  widely  differing  crystallinities  via  infrared  analysis 
(Figure  22).  The  absorption  peak  corresponding  to  the  acid  fluoride 
endgroup  (1380  cm’^)  cones  in  much  more  strongly  in  the  fast  quench, 
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low  crystallinity  sample.  A  larger  number  of  endgroups  means  a  lower 
molecular  weight.  Figure  43  shows  the  apparent  melt  viscosity  of 
two  samples  of  PTFE  of  widely  differing  crystallinities  irradiated  to 
the  same  dose.  For  each  of  the  three  shear  rates  shown,  the  fast 
quenched  low  crystallinity  sample  had  a  lower  viscosity,  indicative 
of  a  lower  molecular  weight  relative  to  the  high  crystallinity  sample. 

The  radiation- induced  chemical  reactions  in  PTFE  do  not  take 
place  immediately  upon  irradiation  but  continue  to  occur  for  some  days 
after  irradiation,  a  conclusion  drawn  from  the  infrared  results  shown 
in  Figures  23  and  24.  Initially  after  irradiation,  the  absorption  band 
caused  by  the  acid  fluoride  endgroup  appears  and  upon  storing  the 
Irradiated  sample  in  ambient  air,  the  acid  fluoride  band  decreases  in 
Intensity  while  absorption  bands  corresponding  to  free  and  bonded 
carbonyl  structures  of  carboxylic  acid  endgroups  come  in.  It  is  con¬ 
cluded  that  this  is  caused  by  hydrolysis  of  the  acid  fluoride  endgroups. 
The  infrared  absorption  bands  sensitive  to  the  amorphous  content  show 
no  time  dependence  when  the  sample  is  stored  at  room  temperature.  The 
time  dependence  of  the  increase  in  crystallinity  caused  by  post¬ 
irradiation  annealing  is  shown  by  the  density  measurements  in  figure  -»5 
through  47.  The  crystallinity  reaches  very  close  to  its  ultimata  value 
after  only  about  a  half  hour  post-irradiation  annealing  at  200  and  300  C. 

The  melt  viscosity  measurements  were  complicated  because 
of  deviations  from  laminar  flow  resulting  in  melt  fracture  in  some 
cases  (chiefly  stick-slip  behavior)  and  bubble  formation  in  the 
polymer  melt.  The  melt  fracture  is  probably  caused  by  chain  entangle¬ 
ments  which  give  the  polymer  melt  non-Newtonian  elastic  properties. 
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It  is  concluded  that  the  formation  of  branches  and  crosslinks  in  the 
crystalline  phase  of  irradiated  PTFE  contribute  to  the  observed  non- 
Newtonian  elastic  response  of  the  melt  during  the  viscosity  measure- 
laent.  Bubble  formation  in  the  polymer  melt  of  an  irradiated  sample  is 
the  result  of  pyrolysis  which  yields  low  molecular  weight  compounds 
such  as  CF, ,  C^F.,  CF.  0  and  CO,.  This  phenomenon  which  is  minor  at 
low  doses  becomes  more  pronounced  as  the  radiation  dose  is  increase. 
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Figure  3a:  PTTE  irradiation  geometry. 

Figure  3b:  Irradiation  chamber  used  for  vacuum  and  vet 
and  dry  oxygen  irradiations. 
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Figure  4: 


Radiation  dose  calibration  curve. 
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Figure  5:  Thernial  quenching  apparatus.  Sample  is  heated  to 
380®C  then  the  clamp  is  released  allowing  the  metal  rod  with 
the  sample  material  to  be  quenched  in  either  liquid  nitrogen 


Figure  6:  Post-Irradiation  Annealing  Apparatus  view  o 
the  furnace  with  front  panel  removed. 
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Figure  8:  Powder  resin  wetting  apparatus 


Figure  9;  Schematic  diagram 


of  the  Instron  Capillary  Rheometer. 


Figure^:  IR  spectrum  between  2100  and  1300  cm"*  of  quenched 

Teflon©  resin  7A  irradiated  to  43  MRads  in  ambient  air. 
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Figure  12:  IF.  spectra  between  2000  and  1300  cm  ^  of  PTFE 
sheet  irradiated  to  43  >!Rads  in  wet  and  dry  oxygen- 


Wavenumber  (cm 


Figure^:  IR  spectrum  between  2000  and  1300  cm“^  of  quenched 

Teflon®  resin  7A  irradiated  to  43  MRads  in  an  oxygen  atmo¬ 
sphere  then  stored  5  days  in  the  oxygen  atmosphere.  Also _ shown 
is  the  IR  spectrum  of  the  same  sample  after  storage  for  35  days 
in  ambient  air. 
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IR  spectrum  between  1000  and  200  o 
resin  7A  irradiated  to  43  >aiads  in  amb 


103 


<b 

0) 

JZ 

a 


|-%oi— 1 


HONVlllI^SNVHX  3AUV“15y 


Figure  17:  IR  spectrum  between  1000  and  200  ca“’  of  FIFE 
sheet  irradiated  to  43  MRads  in  a  wet  oxygen  atmosphere. 
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Figure^:  IR  spectrum  between  2200  and  1300  cm  '■  of  unquenched 
Teflon'^  resin  7A  irradiated  to  43  MRads  in  ambient  air. 
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Figure  24;  Absorbance  vs.  cine  after  irradiation  of  the 
absorption  bands  at  3560,  1830  and  1730  cn  *  for  the  sane 
sample  used  in  Figure  23. 
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Figure  26:  Plots  of  log  apparent  melt  viscosity  vs.  log 
apparent  shear  rate  measured  at  350^C  for  samples  of  Teflon 
resins  7A,  6  and  6C  irradiated  to  2.5  MRads  in  air. 


Figure  27:  Plots  of  log  apparent  nelt  viscosity  vs.  log 
appare:^ shear  rate  measured  at  350 'C  for  samples  of 
Teflon'^  resins  7A,  6  and  6C  and  ?TP£  sheet  irradiated 


to  5  MRads  in  air. 


115 


Figure  29:  Plots  of  Log  apparent  ^elt  viscosity  vs.  log 
apparei^ shear  rate  measured  at  350®C  for  samples  of 
Teflon®  resins  7A,  6  and  6C  and  PTFE  sheet  irradiated 
to  25  MRads  in  air. 
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Figure  30:'  Plots  of  log  apparent  nielt  viscosity^,  log 
apparent  shear  rate  measured  at  350^C  for  Teflon'^  resin  6 
irradiated  to  doses  of  2.5,  5,  10  and  25  MElads  in  air. 
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Figure  32;  Plots  of  log  apparent  tielt  v 
apparent  shear  rate  measured  at  350" C  to 
irradiated  to  doses  of  2.5,  5,  10  and  25 


Figure  33:  Plots  of  log  apparent  melt  viscosity  vs.  log 
apparent  shear  rate  measured  at  for  PT7E  sheet 

Irradiated  to  doses  of  5,  10  and  25  HRads  in  air. 
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Figure  35:  Plots  of  apparent  nelt  viscosity  vs.  dose  at  an 
apparenJL  shear  rate  of  4.04  sec”*  measured  at  350  C  for 
Teflon®  resins  6  and  7A. 
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Figure  37:  Plot  of  apparent  melt  viscosity  vs.  dose  measured 
at  350®C  for  PTFE  sheet  at  an  apparent  shear  rate  of  40.37  sec 
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Fij;ure  38:  Cxtrudate  samples  of  Teflon 
resin  6. 
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Figure  41:  Example  of  an  extrudate  exhibiting 
screw  dislocations. 
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DuPontResin  7A  25M  Rads  and  ICM  Raas 
Effect  of  temperature  on  apparent  meit  viscosity 

X-  Dupcnt,  Resin  6,  25  M  Rads,  380®C 
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Fizura  42:  Plocs  of  apearenc  taelt  viscosity  vs.  log  apoaraac 

►a-  “^eilon^  rasin.  7A  irradiated  to  2o  >!llacs  in  a-^ 
taken  at^aoillarv  cenoeraturas  of  335’C  350’C  and  3S0"C.  -^so 
sSo"  L  a  plot  for  rasin  7A  irradiated  to  10  tOlads  in  air  catar- 
ained  at  a  capillar?  ta.n?aratura  or  380  C. 
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X“F^y  Diffraction  Scan  of  PTFE  Sheet  Irradiated  to  10  MRads 
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Figure  50:  X-ray  diffraction  scan  o 
10  MRads  in  air. 
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Figure  52:  Composite  heat  of  transition  endotherm  for  the 
transitions  at  302^K  and  312°K  for  unirradiated  FIFE  sheet. 
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Figure  53:  Heat  of  fusion  endothentis  for  PTFE  sheet  irradiated 
to  the  indicated  doses  in  ambient  air. 
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Table  1 

Infrared 

Absorption  Band  Assi^nnients 

Uav^TiifmVjf'T'  rPTTl 

Assisinnent 

Reference 

|VaVCLlUlUL/w4.  \^ai  / 

625 

CF2  wagging 

6 

982 

-CFj 

Sadtler  Standard  Spectra 
numbers  1870  and  16,954. 
Also  comparison  of  IR 
spectrum  of  PTFE  homo- 
polymer  and  TFE  hexafluoro' 
propylene  copolymer. 

1757] 

3096) 

3472J 

Carbo:cyl  groups 

20 

1780 

-C  »  CF 

F 

20 

1812 

-0 

C-OH  Free  carbonyl 

23 

1779 

0 

-C-OH  Bonded  carbonyl 

23 

0 

-C-H 

4 

3571 

3086 

Free  OH 

Bonded  OH 

23 

23 

1545 

CF2  Asymetric  stretch 

14 

1450 

CF2  Asyraetric  stretch 

14 

282 

CF2  Wagging 

14 

384 

Amorphous  phase 

14 

700-800 

Amorphous  phase 

14 

1733 

-C  -  C- 
F  F 

14 

1870-1890 

0 

B 

-C-F 

4 

X42 


Table  2 

Flow  Index  Values 

Power  law  ,  n-1 

U-  .  X_ 

%  ^0 

•  ,  -1 
Y  «  1  sec 
'o 


log  n  ■ 

(n-1)  log  Y  +  log 

% 

Correlation 

Sample 

n-1 

n 

Coefficient 

Resin  100,  5  MElad 

-0.808 

0.192 

0.993 

Resin  100,  10  MRad 

-0.748 

0.252 

0.995 

Resin  100,  25  MRad 

-0.681 

0.319 

0.994 

Resin  100,  50  MRad 

-0.541 

0.459 

0.991 

Resin  7A, 2.5  MRad 

-0.764 

0.236 

0.996 

Resin  7A,5MRad 

-0.905 

0.095 

0.999 

Resin  7A, lOMRad 

-0.450 

0.550 

0.999 

Resin  7 A, 25  MRad 

-0.400 

0.600 

1.000 

Resin  6C,  2.5  MRad 

-0.749 

0.251 

0.997 

Resin  6C,  5  ^^Rad 

-0.866 

0.134 

0.994 

Resin  6C,  10  MRad 

-0.501 

0.499 

0.994 

Resin  6C,  25  MRad 

-0.456 

0.544 

0.998 

Resin  6,  2.5  MRad 

-0.796 

0.204 

0.993 

Resin  6,  5  MRad 

-0.832 

0.188 

0.999 

Resin  6,10  MRad 

-0,481 

0.519 

0.998 

Resin  6,  25  MRad 

-0.519 

0.481 

0.997 

Table  3 
DSC  Results 


quench  from 

380°C 

Q  =  liquid 

m uLogcu 

1 

Sample 

AH^(cal/g) 

Tj(°K) 

AH.j,(Cal/g) 

T^(°K) ] 

“t 

Teflon® 
PTFE  Sheet 

1st  H 

0  MRad 

10.26 

610.4 

i 

1.70 

302.4 

6.04 

2nd  H 

8.84 

608.4 

1.40 

304.0 

6.31 

Teflon 

1st  h' 

A  1 

1  11.14 

610.8 

1.66 

1 

302.4 

6.71 

Teflon^ 
PTFE  Sheet 

1st  H 
1.0  MRas 

i  14.90 

610.8 

1.73 

300.8 

8.61 

2nd  H 

14.03 

610.8 

2.51 

304.0 

5.59 

Teflon^ 

1st  H 

25  MRad 

15.30 

609.2 

1.64 

300.8 

9.33 

PTFE  Sheet 

2nd  H 

13.82 

607.6 

2.37 

i 

302.4 

1 

5.08 

Teflon^ 
PTFE  Sheet 


150  MRad 
1st  H  i 


15.50  600.0 


PTFE  6,  1st  H  16-75  618.8 
PTFE  6Q,  1st  H  6.11  602.8 
PTFE  6Q,  IHRad  1st  H  13.06  606.0 


PTFE  6C,  1st  H 
PTFE  6CQ,  1st  H 

PTFE  7A,  1st  H 

PTFE  7A,  1.0  MRad, 
1st  H 

PTFE  7AQ,  1st  H 
PTFE  7AQ,  1.0  MRad I 


15.88  617.2 

6.21  601.2 


1.18  292.8  13.1^ 

2.43  299.2  6.89 

1.24  299.2  4.93 

1.39  299.2  9.4C 

2.02  296-0  7.86 

0.99  297.6  6.27 


299.2  8.43 

300.8  5.31 


ooQ  Il0.82 
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Appendix  A 

High  Temperature  Infrared  Soectmn  of  PTFE  Between  800  and  700  cm — ^ 

In  an  effort  to  obtain  an  absolute  calibration  between 
absorption  at  775  cai~^  in  the  infrared  spectrum  and  amorphous  con¬ 
tent  of  PTFE  the  infrared  spectrum  of  PTFE  sheet  (0.005"  thicx) 
between  800  and  700  cm'^  was  taken  at  various  temperatures  u?  to 
above  the  melting  temperature.  These  spectra  are  shown  in  Figure  54. 
It  can  be  seen  by  examining  Figure  54  that  the  conformational  struc¬ 
ture  of  PTFE  changes  as  the  temperature  is  increased  so  that  it  is  not 
possible  to  compare  the  high  temperature  spectra  to  the  room  temper¬ 
ature  spectrum.  The  conformations  responsible  for  the  775  cm 
absorption  completely  disappear  at  350°C.  Thus  one  cannot  calibrate 
the  absorbance  at  775  cm"^  so  as  to  get  absolute  values  of  amorphous 


content  using  this  method. 


